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Frequent Abbreviations: 
 
1-D, 2-D, 3-D  - one dimensional, two dimensional, three dimensional 
AAO   - anodic aluminum oxide 
AFM   - atomic force microscope 
CCVD   - catalytic chemical vapor deposition 
CMOS   - complementary metal oxide semiconductor 
CNF   - carbon nanofiber 
CNT   - carbon nanotube 
CNTFET  - carbon nanotube field effect transistor 
DOS   - density of states 
DWCNT  - double-walled carbon nanotube 
EF   - energy of the Fermi level 
Eg   - energy of the band gap 
EOT   - equivalent oxide thickness 
FET   - field effect transistor 
FIB   - focused ion beam 
G   - conductance 
G0   - quantum conductance 
IC   - integrated circuit 
Ids   - drain to source current 
ITRS   - international roadmap of semiconductors 
MOSFET  - metal-oxide-semiconductor field effect transistor 
MWCNT  - multi-walled carbon nanotube 
PLD   - pulsed laser deposition 
PMMA   - polymethylmethacrylate 
S   - subthreshold slope 
SGS   - small band gap semiconducting 
SEM   - scanning electron microscope 
SWCNT  - single-walled carbon nanotube 
TEM   - transmission electron microscope 
Vds   - drain to source voltage (bias) 
Vg   - gate voltage 
VLS   - vapor-liquid-solid 
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1 Introduction 
 
1.1 Motivation 
 
The main motivation for this work is that the number of technological and physical 
problems will increase in the next 2 decades if the scaling of integrated circuits (ICs) 
continues. The constant shrinking of feature sizes observed over the last three and a half 
decades was first predicted by Gordon Moore and is, therefore, called Moore’s law. It 
states that roughly every 18 months the component count doubles, leading to an 
exponential growth in the complexity of IC chips. The driving forces for this scaling are 
higher speed and cost reduction. The latter is inherently related to the area occupied by a 
transistor on the chip. The key requirements and challenges necessary to sustain this 
rather constant scaling of CMOS are identified in the International Technology 
Roadmap for Semiconductors (ITRS), a guideline for microelectronic manufacturing 
[1]. In this roadmap one finds an increasing number of “red” topics that will come up in 
the next couple of years. Red means that manufacturing solutions to a specific problem 
are not yet known. In the ITRS many “red” topics are related to material challenges, e.g. 
regarding the semiconductor material, the gate dielectric, or interconnect materials. 
 
If one considers future transistors, the ITRS points out that those transistors will need 
materials offering a significantly improved performance. This cannot be achieved by 
simple downscaling of current silicon technology, e.g. a silicon transistor channel and 
the thermal silicon oxide gate dielectric. Some examples for the long-term requirements 
for high-performance logic technology, as defined in the ITRS 2003, are listed in Table 
1.1. All long-term requirements are identified as “red topics”. If the dimensions (width 
and length) of the transistor channels are scaled the gate still has to be able to 
sufficiently modulate the electrostatic potential in the semiconductor channel. This can 
only be achieved by reducing the thickness of the gate or increasing er according to the 
capacitor equation C = ere0 WL/Td, where C is the capacitance, er the relative dielectric 
constant, e0 the permittivity of space. W, L, and Td are the width, length and thickness of 
the capacitor, respectively. The requirements for a reduction of the equivalent oxide 
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thickness (EOT), the gate leakage, and the gate capacitance are directly related to the 
gate dielectric as indicated in Table 1.1. The EOT is defined by EOT = Td/(er/3.9), 
where 3.9 is the relative dielectric constant of thermal silicon oxide. Introducing 
dielectrics with higher dielectric constant (high-k) is unavoidable in order to achieve the 
required sub-nanometer EOT and to reduce the gate leakage by direct tunneling through 
the dielectric. Special attention has to be paid to the choice of the gate dielectric, to the 
interface between the gate dielectric and the semiconductor channel since dangling 
bonds and interface states will decrease the mobility in the channel as well as reduce the 
gate capacitance. 
 
Table 1.1: Examples from the long-term high-performance logic technology requirements as identified 
in the ITRS 2003. Red means that no known manufacturable solutions exist.  
Year of Production 2010 2012 2013 2015 2016 2018 
EOT: equivalent oxide thickness 
(physical) for high-performance 
(nm) 
0.7 0.7 0.6 0.6 0.5 0.5 
Nominal gate leakage current 
density limit (at 25°C) (A/cm2) 
1.9E+03 2.4E+03 7.7E+03 1.0E+04 1.9E+04 2.4E+04 
Nominal high-performance NMOS 
saturation drive current, Id,sat (at 
Vdd, at 25°C) (mA/mm) 
1900  1790 2050 2110 2400 2190 
Required 
mobility/transconductance 
improvement" factor 
2.0 2.0 2.0 2.0 2.0 2.0 
Parasitic source/drain series 
resistance (Rsd) (Ohm-µm) 
135 116 107 88 79 60 
Ideal NMOS device gate 
capacitance (F/µm)  
5.65E-16  4.39E-16 4.49E-16 3.45E-16 3.45E-16 2.69E-16 
NMOSFET static power 
dissipation due to drain and gate 
leakage (W/µm) 
1.10E-06  9.90E-07 2.97E-06 2.64E-06 4.40E-06 3.85E-06 
 
 
Further the mobility, the transconductance, and the current densities of the 
semiconductor material have to be improved. This is rather difficult to achieve with 
further scaled silicon channels since the mobility will be affected by the higher doping 
concentrations that are necessary to reduce short channel effects. Strained silicon (e.g. 
SiGe) has been recently introduced in microprocessors as an interim solution where the 
built in strain increases the mobility. However, semiconductors will be needed with 
even higher mobilities and higher current densities in the future. Ideally the 
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semiconductor would demonstrate ballistic operation over the length of the channel, 
which means that the carriers are not scattered within the channel. 
Crucial challenges with respect to the transistors are the contact resistances at the 
drain and source electrodes, as well as the power dissipation during switching or 
through leakage. The dissipated power has to be kept small in order to limit heat 
development in the IC and for low power chips that depend on battery capacity.  
The situation will also become critical for interconnect materials since 
electromigration and size effects will impose physical limits on the scaling of metal 
interconnects. Electromigration appears at high current densities and causes 
interconnect failure by the formation of voids. This effect will become more 
pronounced as the current densities increase while shrinking the cross-section of 
interconnects. Further, the size effect mentioned previously, which is related to surface 
and grain-boundary scattering, will gain considerable influence in smaller interconnects. 
A material is, therefore, desirable that is less prone to electromigration and size effects, 
which allows very high current densities, and has a low resistivity.  
The ever-increasing manufacturing costs that accompany the continuing scaling are 
another important point that should not be neglected. Therefore, new materials and new 
processing schemes have to be developed. 
Carbon nanotubes (CNTs) are one of the most promising candidates that might offer 
a solution to some of the problems mentioned above. They are self-assembled one-
dimensional (1-D) macromolecular systems with some exceptional electronic 
properties. Carbon nanotubes can be either metallic or semiconducting depending on 
their structure, which suggests their potential for quite different nanoelectronic 
applications. 
On the one hand the semiconducting CNTs, with their high current densities and the 
lack of interface states, in comparison with the silicon/SiO2 interface, would be ideal 
candidates to replace silicon in future transistors. As a matter of fact, it has already been 
demonstrated that CNT field-effect transistors (FETs) can have a performance superior 
to the most advanced silicon MOSFETs [2]. 
On the other hand the metallic CNTs, with their ballistic transport over considerable 
length scales, and the very high current densities of the order of 109 A/cm², about 2 
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orders of magnitude higher than those that copper can withstand, suggest their 
application as ultra-small interconnects in ICs.  
In addition to these aspects, nanotubes exhibit a number of other properties that make 
them interesting for electronic devices as well as for many other applications. For 
instance, carbon nanotubes exhibit thermal conductivities even larger than that of 
diamond at room temperature [3]. This is quite intriguing, since heat dissipation is 
already a crucial issue in today’s ICs. Further, nanotubes show exceptional mechanical 
and chemical stability. Their elastic modulus can be as high as 1 TPa [4]. Under proper 
conditions they can withstand high temperatures and they can be exposed to a variety of 
chemicals without structural damage. The latter properties are all in favor of their 
integration into complex structures, which require diverse processing steps. 
 
However exciting the properties of nanotubes are, the main challenge is to handle 
and control those tiny structures. Therefore, the most important points that have to be 
solved in order to evaluate the potential of CNTs for nanoelectronics are: 
§ Understanding the growth of CNTs, 
§ Placement or growth of CNTs in predefined locations and on different materials, 
§ Growth of CNTs with predefined electronic structure, 
§ Reduction of the growth temperature down to a range that is compatible with 
conventional microelectronic manufacturing, 
§ Reduction of the contact resistances, 
§ Fabrication of nanotube transistors with high-k dielectrics, 
§ Optimization of the performance of nanotube transistors. 
These points have been the approximate guideline for this work. The focus of this 
work will be on transistor devices. First the history of carbon nanotubes will be briefly 
introduced, before presenting a review of the basics of carbon nanotubes, insofar as 
applicable to this work, in Chapter 2. Chapter 3 will focus on the growth of carbon 
nanotubes, Chapter 4 on contact improvement, and Chapter 5 on the electronic 
characterization of nanotube transistors. At the end, Chapter 6 summarizes the most 
important results and gives the conclusion. 
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1.2 A Short History of Carbon Nanotubes 
 
Hollow carbon filaments produced by catalytic chemical vapor deposition CCVD 
have been studied for more than 100 years [5]. In spite of this, the discovery of carbon 
nanotubes (CNTs) corresponds to the time when transmission electron microscopy was 
mature enough to achieve sub-nanometer resolution. In 1991 Iijima observed 
concentrically nested carbon structures while studying the soot obtained from an arc 
discharge between two graphite electrodes. He called the structures he found multi-
walled carbon nanotubes (MWCNTs). Some of Iijima’s first MWCNT images are 
shown in Figure 1.1a-c [6]. This discovery was more or less accidental since his aim 
was to study fullerene molecules, which were of considerable interest at that time due to 
their superconductive properties. Fullerenes are cage-like carbon molecules composed 
of fused hexagonal and pentagonal carbon rings resembling a soccer ball. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Some of the first TEM images of MWCNTs with different diameters and different numbers 
of shells as presented by Iijima et al. [7]. The MWCNTs in (a), (b), and (c) have 5, 2, and 7 shells, 
respectively. 
 
Inspired by the fullerene research, a number of research groups theoretically 
considered a hypothetical carbon structure consisting of only a single sheet of graphite 
wrapped into a tube that resembles a stretched fullerene molecule – the single-walled 
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carbon nanotube (SWCNT) [8, 9, 10]. Some exciting properties were predicted for 
SWCNTs, for instance that they should be either semiconducting or metallic and behave 
like 1-D conductors. SWCNT were discovered only a short time later, in 1993 [11, 12]. 
An example of one of the first SWCNTs observed by Iijima et al. is shown in Figure 
1.2. 
 
 
 
  
 
Figure 1.2: One of the first TEM images of a SWCNT from Iijima et al. [7]. 
 
The first electronic characterization of bundles of SWCNTs was reported in 
1997 [13,14]. Shortly thereafter individual SWCNTs and field-effect transistor made of 
semiconducting SWCNTs were measured in 1998 [15, 16]. Those measurements 
confirmed the theoretical predictions that SWCNTs exhibit either metallic or 
semiconducting behavior. In the last few years an increasing number of prototypes 
using CNTs have been demonstrated e.g. field emission displays based on CNTs, CNT 
reinforced composites, heat sinks taking advantage of the good thermal conductance, 
and atomic force microscopy (AFM) tips. 
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2 Basics of Carbon Nanotubes 
 
2.1 Structure of Single-Walled Carbon Nanotubes 
 
Carbon Nanotubes represent a new form of sp²-bonded carbon, in addition to the 
well-known graphite and the fullerene molecules. Since SWCNTs can be considered as 
a rolled up plane of graphite, also called graphene, one has to start with the structure of 
graphite. Fig. 2.1 shows the hexagonal structure of a graphene sheet. A “roll-up” vector 
can be defined in this sheet by simply taking two points of the lattice. Rolling the sheet 
up and bringing those two points together creates a SWCNT. The diameter of SWCNTs 
usually ranges between 0.4 and 3 nm. The “roll-up” vector C can be expressed in terms 
of multiples n and m of the two Bravais lattice vectors of the graphene sheet a1 and a2: 
C = na1 + ma2. The indices (n,m) define the chirality of the nanotube.  
 
 
Figure 2.1: Hexagonal structure of the graphite lattice, with the unit vectors a1 and a2, the chirality 
vector C = a1n + ma2, and the chirality angle q,. A (4,2) SWCNT is formed if point A is brought to point 
B by rolling up the sheet. 
 
A 30° angular section is sufficient to describe all SWCNTs because of the hexagonal 
symmetry of the honeycomb lattice and the chiral symmetry of (n,m) and (m,n) tubes 
(Figure 2.2). This 30° section of the hexagonal lattice is spread between two particular 
nanotube configuration, which are symmetric with respect to the tube axis: the zig-zag 
nanotubes with m = 0; and the armchair nanotubes with n = m. All other tubes with 
arbitrary values of n and m are asymmetric and are, therefore, called chiral nanotubes 
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(Figure 2.3). The diameter d and the chiral angle q of the tube can be determined from 
the indices (n,m) according to: 
d = (31/2/p)acc(m²+mn+n²)1/2 
q = tan-1[31/2m(2n + m)], 
where acc is the nearest neighbor carbon atom distance (~0.142 nm). 
 
 
 
 
 
 
 
 
 
Figure 2.2: A 30° section of the graphene plane is sufficient to describe all chiralities, if one does not 
distinguish between symmetric chiralities (n,m) = (m,n). 
 
 
Figure 2.3: Schematic showing the structure of an armchair, a “zig-zag”, and a chiral SWCNT. 
 
With increasing tube diameter one should expect a more and more graphene like 
behavior. But even for SWCNTs with diameters as small as 1 nm the basic electronic 
properties can be derived from the sp2 hybridization and the band structure of graphene 
[10].  
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2.2 Electronic Structure of Single-Walled Carbon Nanotubes 
 
Before starting with the band structure of graphene one should briefly mention the 
principal band structures of solids. One distinguishes between metals, semiconductors, 
insulators, and semi-metals. Important for this differentiation is whether the Fermi level 
(EF) lies in the conduction band, the valence band, or within a band gap. The Fermi 
level is defined as the energy at which the probability of occupation of the electron 
states is 1/2. In solids, the valence band is the band with the highest range of electron 
energies where the electrons are present at zero temperature (0 K). In contrast, the 
conduction band is the band in which the electrons are free to be accelerated under the 
influence of an applied electric field. It is, therefore, located at higher energies than the 
valence band. Both bands are separated by a band gap Eg. 
A metal is characterized by the position of the Fermi level within the conduction 
band, which is, therefore, also the valence band. The density of states (DOS) at the 
Fermi level is rather high in metals, making them good conductors (Figure 2.4a). The 
DOS reflects the distribution of states within an energy band and is described by 
dN(E) / (dE V) (number of allowed energy levels dN per energy interval dE and unit 
volume of the solid V).  
A semiconductor, in contrast to a metal, is characterized by a finite band gap 
between a filled valence and an empty conduction band at 0 K. In an undoped (intrinsic) 
semiconductor the Fermi level lies in the middle of the band gap (Figure 2.4b). An 
excitation of the electrons in the valence band is necessary to transfer them into the 
conduction band and to allow electronic transport in a semiconductor. Doping the 
semiconductor will shift the Fermi level either towards the valence band or towards the 
conduction band, making the semiconductor p-type or n-type, respectively. In a p-type 
semiconductor holes are the majority carriers and electrons the minority carriers, 
whereas in a n-type semiconductor it is vice versa. 
If the band gap becomes too large one obtains an insulator, where excitations of 
electrons into the conduction band become very unlikely.  
A particular case is a semi-metal, which is neither a distinct metal nor a real 
semiconductor. In a semi-metal the Fermi level is degenerated to a single point – the 
Fermi point (K-point) (Figure 2.4c). The valence band of a semi-metal is almost 
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completely filled whereas the conduction band is almost completely empty. The DOS at 
the Fermi level is, thus, much smaller in a semi-metal than in a metal. 
 
 
Figure 2.4: Simplified band structures of a metal (a), a semiconductor (b), and a semi-metal (c). The 
Fermi level EF in a metal lies within the conduction band, whereas in a semiconductor within the band 
gap Eg between valence and conduction bands. In a semi-metal the valence and conduction bands touch at 
a point – the Fermi point. The axis kx and ky define the vectors in reciprocal space. 
 
Now the band structure of graphene will be considered: As mentioned above 
graphene exist in the sp2 bonding configuration. In the sp2 configuration three s-bonds 
and one covalent p-bond are formed. The energy dispersion in an extended graphene 
plane leads to the formation of bonding (s, p) and anti-bonding (s*, p*) energy bands. 
The electrons in the s-bonds are more tightly bound, therefore, the electrons in the p-
bonds (the p-and p*-energy bands) are more important for the solid-state properties of 
nanotubes. At 0 K the bonding p-band is completely full since there are two p-electrons 
with opposite spin orientation per unit cell. Hence, the anti-bonding p* band is empty. 
In other words, the valence band is completely filled and the conduction band is empty. 
Since the p-and p*-energy bands touch at a single point (Figure 2.4c) graphene has a 
zero band gap and is a semi-metal. Ideally, graphite, which consists of several stacked 
graphene planes, should also be a semi-metal, but, due to the interaction between the 
graphene sheets the valence and conduction bands overlap slightly and a metallic 
behavior results with a rather low density of states at EF.  
The simple band structure of a semi-metal, as shown in Figure 2.4c, is not sufficient 
to derive the electronic properties of nanotubes. Rather, one needs the entire band 
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structure of the valence and conduction bands of graphene in reciprocal space and one 
has to take into account the one-dimensional (1-D) structure of the nanotubes. 
In reciprocal space the conduction band and valence band edges form a warped 
structure as depicted in Figure 2.5 where E denote the energy and kx and kx the vectors 
in reciprocal space.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Band structure of a graphene sheet. The valence (E < 0 eV) and the conduction bands 
(E > 0 eV) meet at the Fermi-points, which lie at the Fermi energy (E = 0 eV). 
 
The Fermi-points where the conduction and valence band meet, form a hexagonal 
structure (points with E = 0 in Figure 2.5). Therefore, graphene is not only hexagonal in 
real space but also in reciprocal space. In analogy to the construction of the primitive 
cell in real space (Wigner-Seitz cell) the construction in reciprocal space is called the 
Brillouin zone. A simplified schematic of the hexagonal first Brillouin zone of graphene 
is depicted in Figure 2.6a. 
The 1-D structure of a nanotube causes a confinement of the electrons, allowing only 
the motion along the tube axis. The values of the wave vector k are, therefore, quantized 
in the circumferential direction due to the periodic boundary conditions: kC = 2pj, 
where j is an integer [2]. Hence, each band of graphene (s, s*, p ,p*) splits into a 
number of 1-D subbands, which are cross-sections of the Brillouin zone of graphene 
(Figure 2.6a). In contrast, the wave vector along the nanotube axis remains continuous 
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for a nanotube with infinite length. For a nanotube with finite length one expects also a 
quantization of the wave vector along the nanotube axis, causing a transition from a 1-D 
(quantum-wire) to a more 0-D like structure (quantum dot). If an allowed k value passes 
through a Fermi point the nanotube will be metallic (Figure 2.6b). Otherwise a band gap 
will form and the nanotube will be semiconducting (Figure 2.6c). Generally, a (n,m) 
nanotube will have a band gap unless |n-m|/3 yields an integer value. According to this 
rule the armchair (n,n) nanotubes should always be metallic, but “zig-zag” (n,0) and 
chiral nanotubes can be either metallic or semiconducting.  
 
 
 
Figure 2.6: The first Brillouin zone of graphene (a). The lines represent the allowed energy states of a 
specific SWCNT, defined by the quantization condition along the circumference of the nanotube. If the 
lines pass through a Fermi-point one obtains a metallic nanotube (b), whereas a semiconducting behavior 
results if the lines miss the Fermi-points (c) (reproduced from [17]). 
 
A metallic SWCNT will have a finite density of states (DOS) at EF (Figure 2.7a), 
whereas a semiconducting SWCNT will have DOS = 0 at EF due to the band gap 
(Figure 2.7b). The characteristic peaks that can be seen in Figure 2.7 are a result of the 
1-D structure of SWCNTs (discrete energy subbands) and are called van-Hove 
singularities. 
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Figure 2.7: Density of states (DOS) for an armchair (10, 10) SWCNT, which is metallic, and a “zig-
zag” (16,0) SWCNTs, which is semiconducting. The metallic SWCNT has a finite DOS at the Fermi level 
(E = 0 eV), whereas the DOS of the semiconducting SWCNT is zero due to the band gap Eg.  
 
The band gap of semiconducting SWCNTs shows an inverse dependence on the 
diameter Eg ~ 0.9 eV/d [nm] and is independent of the chiral angle of the nanotube [18]. 
The upper curve of dots in Figure 2.8a depicts the gap energies of semiconducting 
SWCNTs with such a dependence of the primary band gaps on the radius. 
However, the finite curvature of the graphene sheet in SWCNTs distorts the DOS 
near EF. This affects some metallic SWCNTs in such a way to form a curvature induced 
band gap [19, 20]. Strong evidence for curvature induced band gaps in metallic “zig-
zag” SWCNTs, which have indices (3i,0) (i is an integer), were obtained in scanning 
tunneling microscopy experiments [21] and by far-IR spectroscopy [22, 23]. In contrast, 
it could be confirmed that armchair SWCNTs are always metallic due to the crossing of 
the p-p* bands at the Fermi-point. All non-armchair nanotubes with chiralities |n-m|/3 = 
i (i = integer) that were initially supposed to be metallic show actually a curvature 
induced band gap. This gap can exceed kT for very small nanotube diameters (d < 1 nm) 
but approaches zero with increasing diameters with an approximate diameter 
dependence of 1/d2. The nanotubes with curvature induced band gaps form the middle 
curve in Figure 2.8a and all of the points with DE ? 0 in Figure 2.8b. Figure 2.8b is an 
enlarged section of Figure 2.8a to display the SWCNTs with curvature induced band 
gap more clearly. All the nanotubes that have a zero band gap in Figure 2.8b are 
armchair SWCNTs. In the following, nanotubes with curvature induced band gap will 
be called small band gap semiconducting (SGS) SWCNTs. 
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Figure 2.8: Semiconducting SWCNTs with a primary 
band gap correspond to the upper group of dots in (a). 
SWCNTs with a curvature induced band gap and metallic 
SWCNTs correspond to the other dots in (a). (b) is an 
enlarged section of (a) to better depict the SWCNTs with a 
curvature induced gap (DE ? 0). The SWCNTs with DE = 0 
in (a) and (b) are armchair SWCNTs with truly metallic 
behavior (reproduced from [20]).  
 
 
2.3 Electronic Properties of SWCNTs 
 
2.3.1 Schottky Barrier versus Bulk-effect Operation of CNTFETs 
 
Both Schottky barrier and the MOSFET-like bulk effects are necessary to explain the 
operation of nanotube transistors. 
A Schottky barrier is formed if a semiconductor is brought into direct contact with a 
metal (Figure 2.9). A charge transfer occurs until the Fermi levels are aligned at 
equilibrium (Figure 2.9b). The charge transfer creates a depletion zone in the 
semiconductor near the junction. This depletion zone causes the rectifying behavior of 
Schottky barriers in contrast to non-rectifying behavior of ohmic contacts. Rectifying 
means that carrier transport is hindered in one of the two possible current directions. 
Schottky barrier FETs are based on tunneling of carriers through the barrier, which 
depends exponentially on the barrier height. Varying the gate voltage will change the 
transparency of the barrier for tunneling. 
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Figure 2.9: Formation of a Schottky barrier between a p-type semiconductor and a metal (with smaller 
work function). The situation before bringing the two materials in contact is shown in (a). Contact 
formation results in the alignment of the Fermi energies (b) (EFm and EFs are the energies of the Fermi 
level of the metal and semiconductor; Ecs, Evs are the energies of the conduction band and the valence 
band edges of the semiconductor, which define the band gap.) 
 
Scanning gate experiments with a conducting AFM tip revealed that the gating action 
can be localized at the contact from a p-type SWCNT to a positively biased 
electrode [24]. This indicated that Schottky barriers exist at the interface between the 
metal electrodes and semiconducting SWCNTs (Figure 2.10). Further, an asymmetric 
behavior of the saturation currents has been observed by inverting the bias direction. 
This effect could not be explained if a bulk effect in the nanotube would determine 
transport since non-ideal contacts change only the slope and not the saturation current in 
the Ids/Vds characteristics. Only Schottky barriers can explain the asymmetry sufficiently 
[25]. Further strong evidence for the existence of Schottky barriers at the nanotube-
metal contacts was found by the observation of infrared emission in ambipolar 
SWCNTs. This emission has to be based on radiative recombination of holes and 
electrons, which are injected over the Schottky barriers at the source and drain contacts 
[26].  
A CNTFET will operate as a Schottky barrier FET whenever the Schottky barrier is 
large enough to effectively block current. Large diameter nanotubes will have smaller 
Schottky barriers since the height of the Schottky barrier depends on the band gap and 
the band gap of the tubes depends inversely on the diameter of the tubes. Their device 
operation will be more similar to a bulk-effect FET or MOSFET [27]. Experimentally it 
has been shown that by choosing appropriate contact metals (Pd) and nanotubes with 
larger diameters (> 2 nm) one can reduce the influence of the Schottky barriers and 
increase the room temperature conductance considerably [28, 29]. 
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Figure 2.10: Basic operation of a p-type Schottky barrier CNTFET (without bias) with the gate acting 
along the entire length of the SWCNT. Image (a) shows the state at Vg = 0V, whereas a negative gate 
voltage makes the Schottky barriers more transparent for tunneling of holes (b). 
 
However, there is also strong evidence for bulk-effect (MOSFET-like) operation. 
Bulk effect operation was mostly reported in connection with very long CNTFETs 
(> 4 µm) with gating along the entire nanotube or in relative long CNTFETs (> 1µm) 
with gates sufficiently far away from the contacts (Figure 2.10) [30, 31, 32]. Especially 
in the latter case, the Schottky barriers cannot explain the good performance of those 
devices since the gate is too far away from the contacts to justify the observed high 
modulation. Superb room temperature mobilities, as high as 20000 cm²/Vs, have been 
derived from the transport characteristic of long SWCNTs by assuming bulk-effect 
operation [30, 33]. Bulk effect operation is based on the modulation of the electrostatic 
potential of SWCNTs by a gate, causing either accumulation or depletion of carriers in 
the channel. Equivalent to MOSFET operation a higher carrier density and consequently 
a higher conductance can be achieved by increasing the capacitance between channel 
and gate. 
 
 
 
Figure 2.11: Basic operation of a p-type bulk-effect CNTFET (without bias). The gate modulates only 
the bulk of the SWCNT, as indicated by the shaded region (a). A negative gate voltage causes hole 
accumulation in a p-type SWCNT (b). 
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Despite the mentioned asymmetries, the behavior of a Schottky barrier CNTFET is 
still quite similar to that of a bulk-effect CNTFET, since in both cases Ids increases 
linearly with Vg until it reaches saturation. 
After the initial contradicting reports on Schottky-barrier or bulk-effect operation 
some papers indicated that the truth has to be somewhere between. For instance long 
CNTFETs with a segmented gate revealed Schottky barrier switching and bulk 
switching, depending on which gates were addressed [29, 34]. If only the gates next to 
the source and drain contacts were modulated clear Schottky barrier switching was 
observed. Whereas, bulk switching resulted when the Schottky barrier were opened for 
holes and the inner gates were modulated.  
 
2.3.2 P-type, N-type, or Ambipolar behavior of SWCNTs 
 
As processed semiconducting SWCNTs show p-type characteristics when measured 
in air. This behavior is attributed to a shift of the Fermi level towards the valence band 
by the presence of adsorbed oxygen or by a modulation of Schottky barriers due to the 
introduction of oxygen into the transition region between metal and nanotube [35]. 
Removing the adsorbed oxygen by heating in vacuum [36, 37] or high current 
modulation in vacuum [38] will change the characteristics from p-type via ambipolar to 
n-type. This transition is reversed once the devices are again exposed to oxygen. N-type 
characteristics can also be obtained by doping the SWCNTs with, for example, 
potassium [39, 40, 41, 42]. A third possibility arises from the manipulation of the 
Schottky barriers between metal-electrode and SWCNT by choosing different electrode 
metals. Air-stable n-type devices could, thus, be demonstrated with Co or Al electrodes 
[43, 44]. With these conversion methods intramolecular junctions and complementary 
logic devices could be demonstrated [36, 38, 45]. 
The effect of adsorbed gases or dopants on the transport properties of 
semiconducting SWCNTs might be fundamentally different. Adsorbed gases, like 
oxygen and hydrogen, probably affect the work function of the metal close to the 
contacts [46], whereas dopants (e.g. K) change the charges on the SWCNT and, 
therefore, shift the Fermi level of the nanotube. It has been observed by oxygen 
2 Basics of Carbon Nanotubes 
 
 
 
18
desorption experiments and by exposure of Pd-electrodes to hydrogen that the gate 
voltage range between onset of p-type and n-type behavior remains unaffected [27, 28]. 
This is an evidence for a change of the metal work function, which affects the height of 
the Schottky barriers. In contrast, dopants (e.g. K) shift the bands in the channel and, 
thus, change the voltage range in which the nanotube is non-conducting [27, 43]. The 
threshold voltage is defined as the gate voltage necessary for strong inversion of carriers 
in the semiconductor from p-type to n-type or vice versa. 
Many CNTFETs show ambipolar conductance (Figure 2.12) meaning that at negative 
gate voltages they show p-type conductance but at positive gate voltages a pronounced 
n-type conductance. Schottky barriers at the source and drain electrodes can explain the 
ambipolar behavior as discussed above. Pronounced ambipolar conductance will 
develop if the Schottky barriers at source and drain have similar transparencies for hole 
and electron tunneling, respectively. Therefore, this behavior will be more pronounced 
in SWCNTs with a small band gap. Small band gaps can be found in semiconducting 
SWCNTs with large diameters (> 2 nm) or in small band gap semiconducting SWCNTs 
with small diameters (< 1 nm). 
 
 
  
 
 
 
 
 
 
 
Figure 2.12: Schematic of ambipolar behavior. Upon variation of the gate voltage one observes hole 
conduction (p-type behavior) or electron conduction (n-type behavior). 
 
2.3.3 Contact Resistances, Ballistic Transport, and Current Densities 
 
The total on-resistance of a SWCNT transistor will be the sum of contact resistances 
at the source and drain electrodes and the resistance of the nanotube itself. Important is 
the reduction of the on-resistances in order to reduce power dissipation, to increase the 
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on-currents, and above all to decrease the delay t of the transistor (t = RC, where R is 
the on-resistance at saturation and C the gate capacitance). To reduce the resistance of 
the contacts one has to find an appropriate contact metal, whereas to minimize the 
resistance of the nanotube ballistic transport of the carriers within the tube is necessary.  
The contact resistances to SWCNTs are mostly an effect of the Schottky barriers 
formed between semiconducting SWCNT and metal electrode. The height of the 
Schottky barrier depends largely on the diameter of the SWCNTs as well as the work 
function of the electrode metal. A smaller Schottky barrier will result for large diameter 
SWCNTs, which have a smaller band gaps (see the discussion on Schottky barriers in 
2.3.1). Contact resistances of semiconducting SWCNTs with large diameters > 2 nm 
and metallic SWCNTs are usually of the order of 50 kW to a few hundreds of kW, 
whereas semiconducting SWCNTs with d = 2 nm show usually higher resistances of the 
order MW [47]. With respect to the choice of the contact metal it has been found that Ti, 
Au, and Pd yield good contacts. Near ohmic contacts have been reported e.g. by TiC 
formation using Ti electrodes and annealing above 700 °C or by using Pd or Au 
electrodes on large diameter semiconducting SWCNTs [48, 49, 50]. The interaction 
between nanotube and metal will also be important for proper contact formation. It has 
been shown in an experimental study that different metals interact quite differently with 
nanotubes [51]. A variety of metals (Ti, Ni, Pd, Au, Al, Pb) were deposited by e-beam 
evaporation on suspended SWCNTs. Ti showed the strongest interaction resulting in a 
homogeneous coating of the nanotube. Ni and Pd gave quite uniform coatings with 
some interruptions whereas the remaining metals only produced isolated metal particles 
along the nanotube. It was speculated that the different interaction and sticking behavior 
might be closely related to the affinity of the metal to covalent bonding or carbide 
formation. 
The intrinsic resistance of the nanotube depends on the electron transport in the tube. 
Essentially three different transport regimes can be distinguished: ballistic, diffusive, 
and classical transport [52]. Differences between momentum and phase conservation 
during transport determine these three regimes. For ballistic transport neither a 
momentum nor a phase change occurs during transport over the whole length of the 
conductor. This means that the mean free path of the carriers and the phase relaxation 
length are at least as long as the conductor. During diffusive transport the electrons are 
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frequently scattered but conserve their phase (elastic scattering), this means that the 
mean free path is shorter than the length of the conductor and shorter than the phase 
relaxation length. During classical transport the electrons are frequently elastically and 
inelastically scattered and, therefore, change both momentum and phase. Classical 
conduction gives rise to Ohm’s law and involves energy dissipation. Ballistic transport 
has the huge advantage that there will be no energy dissipation in the conductor. Hence, 
heat dissipation will only occur in the leads and contact areas. Ballistic transport has 
been observed in metallic and semiconducting SWCNT over distances as long as 1 µm, 
which is a very promising property for nanotube transistors [2, 28, 34, 43, 50].  
Metallic SWCNTs usually show a higher conductance compared to semiconducting 
SWCNTs since there will be no Schottky barrier at the metal-nanotube contacts. In the 
case of ballistic transport the conductance of metallic SWCNTs should be essentially 
two times the quantum conductance G0 = 2e²/h (2G0 ~ 155 µS; e - electron charge, h - 
Planck’s constant) since two propagating subbands (p and p*) cross at the Fermi level. 
This corresponds to a resistance of about 6.5 kW, which is a contact resistance and can 
be attributed to a mismatch of the number of conduction channels between the metal 
electrodes and the nanotube [2]. Scattering of electrons either on the nanotube-metal 
interface or inside the nanotube will decrease the conductance from this ideal value 
(diffusive transport). However, with increasing diameter the band gap reduces and 
Zener-type inter-subband tunneling can occur. This again increases the conductance and 
values larger than 4e²/h might be possible [53]. The Zener effect can occur in heavily 
doped junctions or by the application of a large reverse bias. As a result the energy 
bands become crossed and tunneling of electrons occurs. Although ballistic transport 
can be observed in metallic SWCNTs the conductivity is only about the same as that of 
the best metals. This is related to the small effective density of states near the Fermi 
level due to the semi-metal nature of graphene [54]. 
The maximum current density of SWCNTs seems to be limited by electron-phonon 
interactions. With increasing bias the current saturates at around 20 µA, corresponding 
to a current density of more than 109 A/cm² [55, 56]. This current density is about 3 
orders of magnitude larger than for metals such as Cu and Al. Nevertheless, in very 
short (< 100nm) SWCNTs even larger currents without the typical saturation behavior 
have been measured, being an indication of ballistic transport [57, 58]. If the electric 
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field becomes too large along the nanotube breakdown may happen by oxidation due to 
self-heating or impact ionization. 
 
2.4 CNTFET Device Concepts 
 
The concepts for the integration of CNTFET are a direct consequence of the 
ambitious scaling constraints for future transistors. The lateral dimensions have to be 
minimized and the capacitance of the gate has to be as high as possible. Principally, one 
can distinguish between planar and vertical concepts, which reflect the particular 
orientation of the nanotube with respect to the substrate. Theoretically, ultimate scaling 
should be conceivable for a vertical CNTFET with a coaxial gate. Moreover, the 
operation of the CNTFET will govern the device design depending on whether Schottky 
barriers or bulk-effects dominate. 
The obvious predominance of Schottky barriers in CNTFETs with short gate lengths 
and in nanotubes with rather large band gaps means that the electric field at the contacts 
has to be optimized. An improved modulation of the Schottky barriers should be 
possible by the field-focusing influence of a needle-like contact combined with a 
surrounding gate that is very close to the contact [27]. For bulk effect dominated 
CNTFETs a coaxial gate along the nanotube would be optimal. 
The first carbon nanotube field effect transistors used the silicon substrate as a back 
gate, which is of course the simplest way to fabricate a CNTFET. The disadvantage is 
that all devices are addressed at the same time and that simple logic functions cannot be 
accomplished. For integration every transistor needs an individual gate. This can be 
accomplished by depositing the nanotubes onto pre-patterned gate structures. For 
instance, CNT-FETs using Al wires with their native Al2O3 layer [59] or W-electrodes 
covered with either a 200 nm SiO2 layer [38] or a 25 nm thick HfO2 layer [60] were 
successfully demonstrated. Further, SWCNTs can be covered with a gate dielectric on 
which subsequently a gate electrode is deposited [61]. Recently high-k dielectrics have 
been used to build CNTFETs, e.g. 
- 2-3 nm thick evaporated Ti layer that forms TiO2 when exposed to air [62], 
- ALD deposited ZrO2 [31], 
- ALD deposited HfO2 [29]. 
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With these high-k dielectrics subthreshold slopes ranging between 130 mV/decade 
and 70 mV/decade could be demonstrated [29, 31, 49, 61]. This is competitive with the 
subthreshold slopes of silicon MOSFETs and is close to the theoretical limit of 
S = 60 mV/decade at room temperature [S = dVg/d(log Ids) = (kBT/e) ln10(1 + a)], where 
kB is Boltzmann’s constant , T the temperature, e the elementary charge, and a the 
capacitance of the device resulting from a network of capacitors [31, 63]. A coaxial-
gated CNTFET has not yet been demonstrated and remains a fabrication challenges. 
An entirely different approach employs water electrolyte gates [64] or polymer 
electrolyte gates [65, 66]. Those electrolyte gates are based on the formation of a 
(Helmholtz) double-layer of opposing charges between the gate material and the 
conducting channel (nanotube). This double layer has a very high capacitance. Thus, 
very good transport characteristics could be demonstrated with subthreshold slopes as 
small as 62 mV/decade, mobilities between 1000 and 4000 cm²/Vs, and 
transconductances up to 20 µS. Electrolyte gated CNTFETs are quite useful to study the 
transport characteristics but offer only little potential for future integration in ICs (low 
temperature stability, high frequency operation limited by slow ion diffusion). 
 
2.5 Electronic Properties of MWCNTs 
 
 
Figure 2.13: “Evolution” of a MWCNT from a two dimensional graphene plane, over a SWCNT to a 
MWCNT consisting of several concentrically nested SWCNTs.  
 
A well-graphitized MWCNT consists of several SWCNTs that are concentrically 
nested. MWCNTs show a predominant metallic behavior since they have several shells 
and larger diameters than SWCNTs, usually between 2 and 30 nm. Due to their larger 
diameter they show less distinct one-dimensional features.  
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If only the outermost shell of a structural perfect MWCNT is contacted, then only 
this shell will contribute to the current transport. The current transport through the inner 
shells is hindered and requires intertube tunneling [67]. Intertube tunneling will be 
additionally hindered if an adjacent shell is semiconducting. 
Evidence for ballistic transport within MWCNTs has been reported, although there 
are also strong evidences for diffusive electron transport. Generally, the electronic 
properties of a MWCNT will largely depend on the fabrication method (arc discharge 
evaporation, catalytic chemical vapor deposition (CCVD)) and the treatment after 
growth (cleaning, oxidation, ultrasound, lithography). MWCNTs with very high 
structural perfection have been produced by arc-discharge evaporation using a pure 
carbon arc. Ballistic transport has been reported for un-processed nanotube material 
obtained by this method [68, 69]. The structure of CCVD grown MWCNTs shows 
usually much less perfection, although good graphitization has been observed over 
considerable length scales in transmission electron microscopy (TEM) studies. 
Generally, electron scattering processes in a MWCNT can be caused by a variety of 
effects, e.g. structural defects, built-in impurities, adsorbed surface impurities, or 
Coulomb interactions with electrons of active and passive shells [67]. Such scattering 
will reduce the mean free path and will eventually lead to diffusive transport, as usually 
observed for lithographically contacted MWCNTs that were grown by chemical vapor 
deposition. The study by Poncharal et al. presents a more detailed discussion of ballistic 
versus diffusive transport in MWCNTs [69]. 
To properly exploit the full potential of MWCNTs it is very important to achieve 
conduction through all of the (metallic) layers of the MWCNT. This might be possible 
by alloy formation or contacting open-ended MWCNTs. Relatively low contact 
resistances (<5 kW) have been reported for instance by TiC formation after annealing of 
Ti/Au contacts between 600 and 800 °C [70]. In particular, alloy formation will be 
crucial if the outermost shell is semiconducting. This avoids the possibility that the 
MWCNT is only contacted via a Schottky barrier. A Schottky barrier would 
considerably increase the contact resistance and make the transport gate dependent. This 
effect has been experimentally observed during thinning of a MWCNT by electric 
breakdown [56]. 
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2.6 Fabrication of Carbon Nanotubes 
 
A number of different fabrication methods have been developed in order to 
synthesize CNTs. One can basically distinguish between arc discharge synthesis, pulsed 
laser evaporation, and catalytic chemical vapor deposition (CCVD). Very important for 
the growth of nanotubes are the catalyst particles, which are required as nucleation sites 
for the CNTs, as well as the presence of a carbon source necessary for the synthesis. 
 
2.6.1 Arc Discharge Synthesis 
 
Arc discharge synthesis is based on evaporation of carbon atoms into a plasma by a 
high current flowing between two graphite rods (Figure 2.14) [11, 12, 71]. In the direct 
arc the plasma reaches temperatures around 3000 °C. In order to achieve an adequate 
yield sufficient cooling is necessary since nanotubes are prone to structural damage at 
such temperatures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14: Schematic of an arc-discharge set-up for synthesis of MWCNTs or SWCNTs. For 
MWCNTs a pure graphite rod is used, whereas SWCNTs require a graphite target mixed with transition 
metals as catalyst - reproduced from [72]. 
 
For the synthesis of MWCNTs usually no catalyst addition to the graphite rods is 
required, whereas SWCNTs synthesis is only possible if small amounts of catalysts are 
added. Isolated SWCNTs could, for instance, be grown with Ni, Co, Fe, Y, or Gd 
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catalyst, whereas SWCNT bundles were obtained by using alloys, e.g. Fe/Ni, Ni/Co, or 
Co/Pt [52]. The nanotube material produced in arc discharge evaporation consists of a 
highly entangled “felt” of nanotubes, CNT bundles, amorphous carbon, and catalyst 
clusters. The SWCNT yield is usually less than 20 %. Before one can build electronic 
devices out of this material it has to be cleaned, dispersed, cut, and finally deposited on 
a substrate. An oxidative process, e.g. using nitric acid or heating the material under 
oxygen, is usually used for cleaning. The dispersion and cutting is done by 
ultrasonication in appropriate solvents. Spinning on spraying on, or adsorption will then 
deposit the nanotubes on substrates. Unfortunately, the cleaning and ultrasonication 
might induce defects in the nanotube and, thus, deteriorate the electronic properties. On 
the other hand, successful dispersion of nanotubes in solvents is the pre-condition for a 
solution-based separation (e.g. based on DNA; see section 2.8.2). 
 
2.6.2 Pulsed Laser Evaporation (PLD) 
 
In PLD processes a pulsed laser evaporates a target within a heated zone (900 -
 1200 °C) of a furnace (Figure 2.15) [73]. The target usually consists of graphite with 
the addition of small amounts of catalyst metals (e.g. Co/Ni). Laser evaporation 
produces, similar to arc discharge evaporation, a highly entangled mat of bundles of 
SWCNTs. The yield can reach 70 – 90 %. The material, therefore, still requires similar 
cleaning and dispersion treatments as described above. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15: Schematic of a laser ablation set-up used for synthesis of SWCNTs - reproduced from 
[74]. 
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2.6.3 Catalytic Chemical Vapor Deposition (CCVD) 
 
The PLD and the arc-discharge process are based on the evaporation of carbon atoms 
at temperatures ~ 3000 °C. These temperatures are clearly incompatible with the 
substrate-based growth of CNTs. Kong et al. first reported the CCVD synthesis of 
SWCNTs at much lower temperatures around 900 °C to 1000 °C [75, 76]. Compared to 
the methods mentioned above it has the inherent advantage that it allows direct and 
patterned growth of CNTs on a chip. 
The principal mechanism of CCVD is the decomposition of a carbon source on 
transition metal catalyst particles, which further act as nucleation sites for the 
nanotubes. The nanotubes obtained by CCVD are usually very clean. Therefore, the 
laborious purification and dispersion treatment described above is not required. Damage 
of the structure and deterioration of the electronic properties can, thus, be widely 
excluded. CCVD growth of CNTs is usually performed in a furnace at temperatures 
between 600 °C and 1000 °C using an appropriate gas as the carbon source (Figure 
2.16).  
In the last couple of years a large number of CCVD growth processes have been 
reported that use various catalysts, carbon sources, and growth temperatures. Some 
examples for different growth regimes for SWCNTs and MWCNTs are listed in 
Appendix A and  
Appendix B, respectively. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16: Schematic of the general set-up of a chemical vapor deposition system for CNT growth. 
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The growth of CNTs has been extensively studied throughout this thesis since it is 
believed that CCVD is the most straightforward approach for integration of CNTs into 
electronic devices. A more detailed presentation and discussion of results on CCVD 
growth, its dependencies, and CCVD growth models will follow in Chapter 3. 
 
2.7 Placement 
 
The precise placement of nanotubes is one of the most important challenges for their 
future integration. Nanotubes will only be interesting for microelectronics if one can 
manage to place a huge number of nanotubes exactly where they are needed with 
nanometer accuracy and extreme reliability. There are two principal approaches for the 
placement of nanotubes. The first one is simply to grow them where they are needed. 
This can only be achieved by patterned CCVD growth. The second approach is based 
on a post growth assembly from solutions. 
 
2.7.1 In-situ Controlled Growth by CCVD 
 
CCVD allows the direct growth of carbon nanotubes on substrates. Therefore, 
patterning the catalyst can control the location of the nanotubes. The perfect scenario for 
CCVD is to place a catalyst particle at a specific location and then to start the CNT 
growth. This requires precise control of the placement, the activity of the catalyst 
particle, the growth direction, and the suppression of bundle formation between adjacent 
CNTs.  
Planar control of the growth direction was demonstrated to some degree by growth in 
an electric field between two electrodes [77, 78, 79] or by growth in a strong gas 
flow [80, 81, 82]. Those methods work quite well for a low density of SWCNTs. 
However, for a high-density growth of SWCNTs these approaches are inappropriate 
since the nanotubes will stick together during growth due to thermal vibrations and van 
der Waals interactions.  
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2.7.2 Post Growth Assembly 
 
There are a variety of proposed methods to assemble and orientate CNTs on 
substrates, but only a few examples will be given here. All those approaches have in 
common that they use CNT material that has been grown before in a separate process 
(arc-discharge, PLD, CCVD). All of those approaches, however, have not yet 
successfully achieved the density and control necessary for a large-scale integration. 
Several groups have reported the alignment of CNTs by electric fields in liquids [83, 
84, 85, 86]. Another procedure for the alignment of CNTs was based on a flowing 
liquid [87]. Further, it has been successfully demonstrated that SWCNTs can be aligned 
with the help of DNA molecules, which is based on specific binding reactions between 
certain functional groups on a DNA with a functionalized CNT [88].  
The placement of CNTs on chemically modified patterns is the last method that will 
be mentioned here. For instance, SWCNTs could be selectively deposited on gold 
surfaces coated with a polar molecular layer. In contrast, the areas, which had been 
coated with non-polar molecules, showed no adsorption of SWCNTs [89]. The selective 
adsorption of SWCNTs on 3-aminopropyltriethoxysilane (APTES) modified surfaces is 
similar to this [90]. 
 
2.8 Separation of metallic and semiconducting SWCNTs 
 
In addition to a precise placement it is essential to obtain nanotubes with predefined 
electronic properties. This is important since SWCNTs can be metallic or 
semiconducting. Further, the band gaps of semiconducting nanotubes can be quite 
different. For high performance transistors it will be a prerequisite to have exclusively 
semiconducting nanotubes with very similar band structures. Separation of SWCNTs 
has been demonstrated to some degree by elimination of metallic SWCNTs on 
substrates or by suspension based separation processes 
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2.8.1 Eliminating the Metallic SWCNTs 
 
The first method that indicated a route to eliminate the metallic SWCNTs was based 
on the selective electrical breakdown of the metallic nanotubes [56]. Turning the 
semiconducting SWCNTs off by a sufficiently high gate voltage and then applying high 
currents to preferentially burn metallic nanotubes could eliminate the contribution of 
metallic nanotubes to the conductance. This method has been applied for instance for 
the preferential electrical breakdown of metallic SWCNTs within SWCNT bundles 
[56, 91].  
Modification of the nanotubes by hydrogen functionalization has been proposed as a 
different method to suppress metallic behavior. In this context it has been reported that 
exposure of mixed SWCNTs bundles to atomic hydrogen increases their 
semiconducting characteristics. This effect has been attributed to enhanced sp3 
hybridization if hydrogen is chemisorbed on the nanotubes, causing a band gap opening 
[92]. 
Another suggested method to eliminate the metallic SWCNTs is based on the 
selective covalent modification of metallic SWCNTs resulting in exclusive electrical 
transport through the unmodified semiconducting SWCNTs. The metallic SWCNTs are 
electrochemical modified by reactive phenyl radicals after the semiconducting 
SWCNTs have been switched off by a gate voltage sweep. After the modification the 
resistance of the metallic SWCNTs increases several orders of magnitude, whereas the 
semiconducting SWCNTs were found to be unmodified [93]. 
 
2.8.2 Separation of SWCNTs in Suspension 
 
Recently there have been a number of encouraging results concerning the separation 
or enrichment of either metallic or semiconducting SWCNTs in solutions. Those 
methods still lack in accuracy and yield. Here, a brief overview of some methods will be 
given: 
1. Different physiosorption of organic molecules on semiconducting and metallic 
SWCNTs: 
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§ Physiosorption of octadecylamine along the sidewalls of SWCNTs [94] 
and partial precipitation leading to an enrichment of metallic SWCNTs, 
§ Selective functionalization of metallic SWCNTs using diazonium reagents 
[95]. 
2. DNA assisted dispersion and separation of SWCNTs: 
§ Suspension of SWCNTs in water using single-stranded DNA, followed by 
ion-exchange chromatography [96, 97]. 
3. Separation by alternating current dielectrophoresis: 
§ A drop of a solution is put on electrode structures. On application of an a.c. 
field different dipole moments are induced in the SWCNTs leading to 
different migration of metallic versus semiconducting SWCNTs towards 
the electrodes (different dielectric constants) [98]. 
4. Separation based on differences in charge transfer complex formation of bromine 
to metallic or semiconducting SWCNTs: 
§ A different degree of charge transfer complex formation of metallic and 
semiconducting SWCNTs (stronger in metallic ones) results in different 
densities and allows separation by centrifugation. That way, a sediment 
enriched with metallic SWCNTs could be obtained [99]. 
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3 CCVD Growth 
 
The CCVD growth of CNTs might be most the straightforward approach for 
integration of nanotubes in microelectronics as it has been already stated in section 
2.6.3. CCVD allows the growth of clean nanotube material directly on a substrate at 
predefined locations. CCVD growth is based on the deposition of a suitable catalyst on 
a substrate. The catalyst can be either deposited as prefabricated catalyst particles or by 
deposition of a thin metal or metal salt layer. In the case of a metal or metal salt layer 
the catalyst particles have to be formed by coalescence of the catalyst atoms during 
pretreatment in a reducing atmosphere. If appropriate particles have been formed 
growth of nanotubes will occur under proper conditions when a carbon source is 
introduced. 
This chapter will present results on the growth of SWCNTs, DWCNTs, MWCNTs, 
and nanofibers. The most important growth parameters will be discussed. In extensive 
studies carried in the course of this thesis it has been determined, that the most 
important parameters for SWCNT growth are: 
§ Catalyst material, 
§ Catalyst particle size, 
§ Catalyst support, 
§ Temperature, 
§ Pretreatment time, 
§ Carbon source, and 
§ Pressure of the carbon source. 
These parameters will be discussed in detail, whereby special attention will be paid 
to the reduction of the growth temperature. A phenomenological growth model will be 
described at the end of this chapter, which takes into account effects observed during 
various growth experiments. 
The obtained nanotubes were characterized after growth by scanning electron 
microscopy (SEM) using a Leo 1560 microscope. The successful growth of SWCNTs 
was demonstrated by transmission electron microscopy measurements (Phillips 
CM2010) together with Raman spectroscopy (Jobin Yvon, Labram, 633 nm He/Ne 
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laser) and electrical transport measurements. The latter were conducted on SWCNTs 
grown between contact pads using the Si-substrate as a back-gate. 
 
3.1 CCVD of SWCNTs 
 
There have been a tremendous number of publications concerning the CCVD growth 
of SWCNTs in the last couple of years. An brief overview of the huge variety of those 
growth processes is given in Appendix A. Here only some general features regarding 
SWCNT growth in general will be mentioned. Obviously, SWCNTs can be grown using 
a large variety of gaseous carbon sources, as long as the source can be catalytically 
decomposed and does not poison the catalyst. Common catalysts are Fe, Co, Ni and 
their alloys. Mo has been widely found to enhance SWCNT growth. One can 
distinguish between substrate based CCVD growth and floating catalyst CCVD growth. 
Only the first one allows patterned growth directly on a substrate and, thus, exploits the 
main advantage of CCVD compared to other fabrication methods. For a substrate-based 
approach the catalyst support, which is the material in direct contact with the catalyst, is 
very important. The common support materials are all oxides (e.g. Al2O3, SiO2, MgO). 
The effect of the catalyst support will be discussed in detail in section 3.2. 
Table 3.1 briefly summarizes the growth regimes that have been discovered or 
reproduced during this work. Some of the growth regimes will be discussed in more 
detail in later sections. For the investigation of possible growth regimes the catalysts 
layers were either deposited using a high precision ion-beam coater or by spin-on 
deposition. The ion beam coater allowed the reproducible deposition of metal layers as 
thin as 0.2 nm. The deposition was controlled by a quartz crystal microbalance. Spin-on 
deposition was found to reproducibly yield ultra-thin catalyst layers on full 6 in. wafers. 
The metal salts used for spin-on deposition were mostly metal-acetates (Ni-acetate, Co-
acetate, and Mo-acetate). Those salts were dissolved in ethanol with concentrations 
ranging between 0.0005 - 0.01 weight percent. In optimization experiments it has been 
found that the thickness of the deposited catalyst salts depends mainly on the 
concentration in the ethanol solution and only to a small degree on the rotation speed of 
the spin coater. This might be related to the fast evaporation rate of ethanol. It is 
important for the spin-on deposition that the substrate surface is made hydrophilic by 
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either annealing in air at 400 – 500 °C or by exposure to an oxygen plasma. If the 
substrates were not treated using one of these methods, the ethanol only poorly wets the 
substrate and the resulting catalyst layer is not uniform (drop-like agglomerations). 
 
Table 3.1: CCVD growth regimes of SWCNTs investigated during the course of the thesis. The 
abbreviations “sp.” or “s.o.” denote catalyst layers sputtered by an ion beam deposition system or 
deposited by a spin-on deposition, respectively. The substrates were usually thermally grown SiO2. 
gases during 
SWCNT growth 
Catalyst support  
material 
pretreatment T [°C] Ref. 
CH4 Ni sp. 5 - 10 nm Al sp. 5 - 60 min H2 600 – 800 °C [100, 101] 
CH4 Ni –acetate s.o. SiO2 < 5 min H2 650 – 700 °C - 
CH4 Ni sp. SiO2 < 5 min H2 600°C [100] 
CH4 Co sp. 5 - 10 nm Al sp. ~ 5 min H2 700 – 850 °C [102] 
CH4 Co/Fe (sputt.) 5 - 10 nm Al sp. ~ 5 min H2 ~ 750°C [100] 
CH4 Fe (sputt.) 5 - 10 nm Al sp. ~ 5 min H2 850 – 900 °C [102] 
CH4 Fe/Mo (sputt.) 5 - 10 nm Al sp. ~ 5 min H2 850 – 900 °C [102] 
CH4 Co-acetate/Mo-
acetate s.o. 
SiO2 ~ 5 min H2 700 – 800 °C - 
C2H2        (~ 5 Torr) Ni –acetate s.o. SiO2 ~ 5 min H2 650 – 700 °C - 
C2H2        (~ 5 Torr) Co (sputtered ) 5 - 10 nm Al sp. ~ 5 min 700 – 750 °C [100, 103] 
ethanol    (~ 10 Torr) Co-acetate/Mo-
acetate s.o. 
SiO2 ~ 5 min 700 – 800 °C reproduced 
from [104] 
methanol (~ 10 Torr) Co-acetate/Mo-
acetate s.o. 
SiO2 ~ 5 min 650 – 700 °C - 
 
A 4 in. diameter quartz tube furnace was used for most of the growth experiments. A 
larger quartz tube furnace allowed the growth of SWCNTs on full 6 in. wafers. The 
growth experiments were performed by loading the samples into the hot quartz-tube 
furnace before evacuating to below 10-3 Torr and beginning hydrogen pretreatment of 
the catalyst at 2.5 Torr. After the pretreatment the growth was initiated by partially 
filling the oven with methane or by starting a gas flow of acetylene, methanol, or 
ethanol. In the case of methane the growth was performed without a gas flow at constant 
pressure, whereas the other carbon sources were supplied at constant gas flow and 
constant pressure. 
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Figure 3.1 shows examples for some of the SWCNT growth regimes listed in Table 
3.1. The SEM images show nanotubes grown with Ni (a), Co (b) – (c), and Fe/Mo (d) 
on 5 nm Al supports using either methane (a), (b), and (d) or acetylene (c) as the carbon 
source.  
 
 
Figure 3.1: SEM micrographs of SWCNTs synthesized with different catalysts materials (see Table 1). 
a) Si/ 200nm SiO2/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4; b) Si/ 200nm SiO2/5 nm Al/0.2 nm 
Co; 750 °C; 5 min H2; 0.4 bar CH4; c) Si/ 200nm SiO2/5 nm Al/0.2 nm Co; 700 °C; 5 min H2; 1 Torr 
C2H2; d) Si/ 200nm SiO2/5 nm Al/< 0.2 nm Mo/ 0.2 nm Ni; 900 °C; 5 min H2; 0.5 bar CH4.  
 
In order to clearly specify a particular growth regime a brief nomenclature will be 
introduced for the rest of this work with the following order of the most important 
growth parameters:  
substrate / different support layers and their thickness / catalyst metal and its 
thickness / temperature / pretreatment time and gas used for the pretreatment / 
pressure during growth and used carbon source. 
 The growth time ranges between 5 and 10 minutes and will not be mentioned since 
no obvious difference in the nanotube yield could be found. It is assumed that most of 
the SWCNT growth occurs during the very first seconds. Further, it has to be 
mentioned, that thickness specifications below one nanometer have to be understood as 
approximate numbers since a precise determination was not possible. The substrate was 
p-type silicon, and the silicon oxide was grown by wet thermal oxidation. 
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If the SWCNT growth is very dense one usually does not see individual SWCNTs in 
SEM images but bundles of a large number of SWCNTs formed by van der Waals 
interactions. Figure 3.2 shows an example of such a bundle, which unravels and forms 
branches at various points. 
 
 
 
 
 
 
 
 
 
Figure 3.2: SEM image illustrating bundle formation by van der Waals interactions between several 
SWCNTs. 
 
Occasionally, very dense and vertical growth of SWCNTs was obtained by using a 
Co/Mo spin-on catalyst on SiO2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Vertical growth of SWCNTs using a Mo/Co spin-on catalyst and ethanol as the carbon 
source (Si/200 nm SiO2/ MoCo; 750 °C; 2 min H2; 10 Torr ethanol).  
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Figure 3.3 depicts vertical growth obtained at 750 °C using ethanol as the carbon 
source. The sample has been scratched in order to reveal the structure of the SWCNT 
film. However, it is not yet clear if the vertical growth is a result of dense SWCNT 
growth or of mixture of SWCNTs and DWCNTs. DWCNTs are stiffer than SWCNTs 
because of the two shells, which might stabilize such vertical alignment. 
 
3.2 Effect of the Catalyst Support on the SWCNT Growth 
 
The catalyst support is of fundamental importance for the substrate based CCVD of 
nanotubes. The catalyst support is the material in direct contact with the catalyst. Only a 
limited number of oxide materials allow the growth of nanotubes as mentioned in 
Section 3.1. If the wrong material is chosen the support material either poisons the 
catalyst particles or the catalyst simply diffuses into the support material. 
The latter scenario can be observed in the case of a plain silicon surface as catalyst 
support. The direct growth of SWCNTs on silicon is suppressed by silicide formation 
[105]. A possible example for a silicide formation is shown in Figure 3.4. Here a 0.2 nm 
thick layer of Ni was deposited directly on silicon. A SWCNT growth process was then 
performed at 700 °C with methane (0.4 bar) as the carbon feedstock. The sample, 
however, showed no SWCNTs growth. Instead square and rectangular shaped structures 
could be found within the surface layer of the Si substrate. Taking the Ni–Si phase 
diagram into consideration, with several different intermetallic phases, it can be 
assumed that those structures are related to a NiSi-phase. 
 
 
Figure 3.4: Diffusion of the catalyst into the substrate and silicide formation prevents SWCNT growth. 
The catalyst (0.2 nm Ni) was directly deposited on Si (Si/0.2nm Ni; 600 °C; 5 min H2; 0.4 bar CH4). The 
silicide areas appear as rectangular shaped structures in the SEM (a). SEM image (b) shows a magnified 
image of such a structure. 
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In the course of the work it has been found that a thin Al layer seems, in almost all 
cases, to improve the yield of SWCNTs. Hereby it does not matter whether the Al layer 
is deposited by sputtering or electron beam evaporation. If ones takes a close look at the 
morphology of very thin (< 20 nm) Al layers deposited on SiO2 one observes clear 
island growth. The Al-layer has, therefore, a large surface area and a nanoscopic surface 
roughness as illustrated in Figure 3.5a. This might be the essential point for the 
enhanced SWCNT growth (Figure 3.5b) and is also in good agreement with results from 
other investigations of SWCNT growth on nanoporous catalyst supports (Al2O3, SiO2, 
MgO, zeolites; see Appendix A). In those studies it has been frequently reported that a 
support with larger surface area yields more SWCNTs. 
 
 
Figure 3.5: Enhanced growth of SWCNTs on Al support. (a) Tilted SEM image (45°) showing the 
cross-section of an e-beam evaporated layer of ~ 5 nm Al on 200 nm SiO2. The Al layer is very rough. (b) 
Very dense growth of SWCNT bundles on the same substrate (Si/200 nm SiO2/5 nm Al/~ 0.3 nm Ni; 
700 °C; 5 min H2; 0.4 bar CH4). 
 
The behavior of very thin catalyst layers on either SiO2 or a thin Al layer is 
illustrated in Figure 3.6. The same catalyst layer thickness has been deposited on all of 
the samples. One clearly sees that the tendency of the catalyst to agglomerate is much 
higher on SiO2 (Figure 3.6 a-b). Increasing the temperature leads to even larger particles 
on SiO2, too large to promote any SWCNT growth. In contrast, the Al layer inhibits 
coalescence of the catalyst (Figure 3.6 c) and SWCNTs can grow. In this image the 
growth has been performed at a temperature of 750 °C, but at 800 °C the result was 
comparable (not shown). The size and density of the catalyst particles on top of the Al 
layer depends on the thickness of the catalyst system and the growth regime. If the 
catalyst layer is too thick the resulting catalyst particles will be too large to promote the 
CVD growth of SWCNTs. Precise control of the diameter of the particles is, however, 
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not yet possible since they form by random break-up of the catalyst system after 
initiating the growth process. 
 
 
Figure 3.6: Effect of an Al underlayer and temperature on Co mediated SWCNT growth. The Al 
underlayer used for the samples in c) clearly prevents the coalescence of the catalyst. a) Si/200 nm 
SiO2/0.5 nm Co; 750 °C; 2 min H2; 0.5 bar CH4; b) Si/200 nm SiO2/0.5 nm Co; 800 °C; 2 min H2; 0.5 bar 
CH4; c) Si/200 nm SiO2/5 nm Al/0.5 nm Co; 750 °C; 2 min H2; 0.5 bar CH4. 
 
To understand the role of the Al layer it is helpful to look at some general features of 
the growth processes summarized in Table 3.1. Since the samples were always inserted 
into the preheated furnace the catalyst-layer will be completely oxidized and the Al-
layer beneath will at least be partially oxidized on the surface. The Al in direct contact 
with the catalyst is, therefore, transformed into alumina. The growth will be performed 
after pretreatment in a reducing gas (e.g. H2) this will transform the catalyst oxide to 
metallic catalyst clusters. In contrast, the oxidized Al will not be reduced due to the high 
electronegativity of Al. In the following it has to be kept in mind that when a thin Al 
layer is mentioned as the catalyst support it will actually mean that the catalyst is in 
direct contact with a thin aluminum oxide (AlxOy) layer. 
Another explanation for the growth enhancement might be that the alumina is itself 
catalytically active by adsorbing or partially decomposing the gaseous carbon source. 
 
3.3 Vertical Confined SWCNT Growth 
 
To date, all attempts to build SWCNTs based field-effect transistors were in a planar 
fashion, i.e. the SWCNT lies parallel to the substrate. However, in Section 2.4 it has 
been pointed out that the highest integration density of nanotube transistors would be 
possible in a vertical arrangement with a coaxial gate [106]. However, this will involve 
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enormous integration challenges. First, holes with diameters of a few nanometers have 
to be fabricated in a dielectric material. Thereby it has to be considered that at the 
bottom of the hole a conducting layer for the bottom contact is required and that the gate 
has to be somehow integrated into the dielectric stack. Second, growth or placement of 
nanotubes with predetermined electronic properties has to be achieved inside of the 
holes. Third the contacts and the coaxial gate have to be formed and optimized. 
In this work the first steps towards the realization of vertical carbon nanotubes field 
effect transistors have been made (VCNTFET, Figure 3.7a). Figure 3.7b shows a CNT 
with a diameter well below 5 nm protruding from a 30 nm diameter hole.  
 
 
Figure 3.7: a) Schematic of a vertical carbon nanotube field effect transistor with a surrounding gate in 
the middle. b) SEM image of a SWCNT protruding from an about 30nm diameter hole (Si/100 nm 
SiO2/(3 nm oxidized Al + 1 nm Fe)2/3 nm Al/200nm SiO2; 900 °C; 5 min H2; 0.4 bar CH4). 
 
Those vertical CNTs were obtained after depositing a Fe/Al2O3 multilayer, covering 
this multilayer with a 200 nm thick layer of SiO2, and milling 30 nm diameter holes 
through the oxides by a focused ion beam (FIB). The ion beam consists of gallium ions, 
which were accelerated by a voltage of 30 kV and focused by electromagnetic lenses to 
a spot with a Gaussian half width of around 20 nm. The fabrication of such small holes 
is already a challenge, which could not be accomplished by standard photolithography 
and etching processes. The CNTs growth was performed at 900 °C using CH4 as the 
carbon source. The Fe/Al2O3 multilayer system was designed to yield catalyst particles 
necessary for the CCVD of SWCNTs by using very thin < 1nm Fe layers separated by a 
thin aluminum oxide spacer (~ 3 nm). The multilayer consisted of up to 3 catalyst layers 
sandwiched between Al2O3 layers. The catalyst multilayer system is somehow 
necessary since it is almost impossible to stop the etch process exactly on a catalyst 
3 CCVD Growth  
 
 
 
40
layer with a thickness of less than a nanometer. The multilayer, therefore, increases the 
chance that some catalyst is properly exposed for the growth. 
However, the yield of SWCNTs protruding from the holes was rather low. SWCNT-
like structures were grown out of only about 5 - 10 % of the holes. Possible reasons for 
the unsatisfying yield include gallium contamination of the catalyst after the milling of 
the holes or difficulties obtaining suitable catalyst particles at the bottom of the holes. 
Nevertheless, in addition to the yield there remains one huge challenge – the realization 
of good bottom contacts. One of the requirements for SWCNT growth on substrates 
seems to be support of the catalyst by an oxide layer. A thin oxide layer, e.g. Al2O3, has 
of course the disadvantage that it will present an additional tunnel barrier that the 
current has to overcome. A good contact to a vertical grown SWCNT might, thus, be 
rather difficult to achieve. Unfortunately, using other catalysts (Co, Ni) and lower 
growth temperatures (700 – 750 °C) did not appear to improve the yield of SWCNT 
protruding from the holes. 
In addition to ion-beam milling e-beam lithography was also used to define holes. 
For that experiment the catalyst was covered with a 200 nm SiO2 layer followed by an 
about 50 nm thick SiN layer. This stack was subsequently coated with a 140 nm PMMA 
resist layer. At first, e-beam lithography was used to define holes in a PMMA resist. 
The SiN layer was then patterned by a sputter etch process using the holes in the 
PMMA as a mask. Finally, a SiO2 layer beneath the SiN was etched by a selective dry 
etch process. This process etches SiO2 much faster then the SiN. The diameter of the 
obtained holes was approximately 50 nm. Although Ga contamination could now be 
ruled out the SWCNT yield was still not considerably better than achieved with the FIB 
milled holes. 
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3.4 CCVD of MWCNTs 
 
The growth of MWCNTs will be discussed in less detail than the growth of 
SWCNTs. Only the growth of well-graphitized MWCNTs will be briefly considered. 
“Bamboo”-like MWCNTs and carbon nanofibers (CNFs) are not considered, since they 
have very high defect densities and do not exhibit good electronic properties. The 
“bamboo” MWCNTs and CNFs are produced by plasma enhanced CCVD [107] or by 
thermal CVD under inappropriate conditions. Direct plasma is the cause of the highly 
defective structure. Those carbon structures might be useful for field emission 
application but not for nanoelectronic integration since the defects will act as scattering 
centers and the bamboo structure requires electron tunneling between the shells of 
adjacent sections. In contrast to direct plasma, remote plasma might avoid similar 
defective structures. Further, it has to be pointed out that nanotubes with larger diameter 
will be rather uninteresting for nanoelectronic integration, since interconnects with 
diameters above 30 nm can e realized by conventional metallization methods. 
Therefore, only growth methods that yield MWCNTs with sufficiently small diameters 
grown by either thermal or remote plasma enhanced CCVD may have potential for the 
growth of MWCNTs for interconnect applications. A table of some MWCNT growth 
regimes found in the literature is presented in  
Appendix B. From this summary it can be seen that Fe or Fe/Mo is the best catalyst 
for MWCNTs synthesis. There exist only a few reports in the literature that present 
strong evidence for the growth of well graphitized MWCNTs with other catalysts. 
Concerning carbon source and catalyst support, one finds nearly the same dependencies 
as for SWCNT growth. MWCNTs can be synthesized with various hydrocarbons, and 
an oxide support (e.g. SiO2, Al2O3, MgO) is usually necessary for a high yield. 
In many of the publications listed in  
Appendix B it is mentioned that the vertical aligned growth of MWCNTs has been 
achieved. Such self oriented growth results if the density of active catalyst particles is 
high enough that adjacent MWCNT stick together by van der Waals interactions. The 
stabilization by those interactions leads to dense blocks of MWCNTs perpendicular to 
the substrate and up to millimeters in length Figure 3.8a shows such vertical aligned 
3 CCVD Growth  
 
 
 
42
blocks and Figure 3.8b shows the good graphitization of a MWCNT grown within such 
a block using an Fe catalyst, acetylene as the carbon source, and a growth temperature 
of 700 °C. 
 
Figure 3.8: SEM image (a) showing aligned vertical growth of MWCNTs (Si/200 nm SiO2/5 nm Fe; 
700 °C; 5 min H2; 2.5 Torr H2 + 5 Torr C2H2). TEM image (b) depicting the well-graphitized structure of 
an individual MWCNT grown in such a vertical aligned block. 
 
3.5 What Determines the Growth of a SWCNT or a MWCNT? 
 
For some application of nanotubes it might be useful if nanotubes with different 
diameter and, therefore, different electronic properties can be grown in one run. Ideally, 
such simultaneous growth has to guarantee precise control of the location as well as the 
diameter of a particular nanotube. Indeed, in a number of experiments it has been found 
that growth of nanotubes with different diameters and different numbers of shells is 
possible at the same time. A prerequisite for this is the control of the diameter of the 
catalyst particles as well as the selection of a suitable carbon source. One example of 
simultaneous synthesis of SWCNTs and MWCNTs using acetylene as the carbon 
feedstock and Co as the catalyst metal will be briefly discussed.  
A 1 nm Co layer was deposited through a shadow mask on Si substrates with 200 nm 
silicon oxide and a 5 - 10 nm thick Al layer on top. The shadow mask consists of a 
metal sheet with a matrix of 50 µm wide square shaped holes. A thickness gradient of 
the Co layer was obtained along the edges of the squares, defined by the holes in the 
overlying shadow mask. The thickness varies from zero on the completely masked areas 
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to the full deposited thickness in the middle of the squares. Co-synthesis of SWCNTs 
and MWCNTs was observed after growth with acetylene as the carbon source at a 
temperature of 700 °C (5 minutes H2 pretreatment, 10 minutes growth (2.5 Torr H2 + 5 
Torr acetylene)) as shown in Figure 3.9a and b. SWCNTs were obtained if the catalyst 
layer is sufficiently thin (Figure 3.9c) i.e. along the edges of the squares, whereas more 
than 20 µm high blocks of MWCNTs were grown in the middle of the squares, where 
the catalyst layer is thicker (Figure 3.9d).  
 
 
Figure 3.9: Catalyst layer thickness dependent co-synthesis of SWCNTs and MWCNTs. The 
approximately 1 nm thick Co layer was deposited through a shadow (Si/200 nm SiO2/10 nm Al/1 nm Co 
(shadow mask); 700 °C; 5 min H2; 2.5 Torr H2 + 5 Torr C2H2). SEM images (a) and (b) show the 
simultaneous synthesis of SWCNTs and MWCNTs; (c) area with only SWCNT growth; (d) area with 
predominant MWCNT growth. 
 
In additional experiments it has been observed that Co-layers with a nominal 
thickness of around 0.2 - 0.4 nm yields only SWCNTs, which was verified by gate 
dependent measurements on in-situ contacted SWCNTs (Figure 3.10). In this case the 
nanotubes were grown between two Mo-electrodes, instead of the Co electrodes. 
Growth on Co electrodes was not possible, since they would be catalytically active in 
acetylene and promote CNT growth themselves (see section 4.2). 
Interestingly the area with SWCNT growth is clearly separated from the area with 
MWCNT growth by an area with no growth at all, indicating that the catalyst particles 
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have an unfavorable size, preventing both the growth of SWCNTs and MWCNTs. This 
effect is visible at the bottom of Figure 3.9c. 
Figure 3.10: Gate dependent measurement of a SWCNT grown between two Mo electrodes with 
acetylene at a bias Vds = 100 mV (Si/200 nm SiO2/20 nm Ti/50 nm Mo/0.2 nm Co; 700 °C; 5min H2; 
5Torr H2 + 5 Torr C2H2). The arrow marks the sweep direction of the gate voltage. 
  
TEM images (Figure 3.11b) revealed that the MWCNTs are predominantly double-
walled carbon nanotubes (DWCNTs) with diameters around 5 nm. The DWCNTs show 
a vertically aligned growth as can be seen in Figure 3.11a after scratching the surface. 
 
 
Figure 3.11: SEM image of dense vertical growth of DWCNT and corresponding TEM of DWCNTs 
from the same sample (Si/200 nm SiO2/25 nm Ta/5 nm Al/1.5 nm Co; 700 °C; 5 min H2; 5 min growth 
2.5 Torr H2 + 5 Torr C2H2).  
 
Another interesting result observed during experiments with Co catalyst and 
acetylene was that MWCNT growth directly on Ta is rather insensitive to the thickness 
of the deposited Co layer. Dense growth of vertically aligned MWCNTs with diameters 
around 15 nm has been observed for Co catalyst layers of 1 nm to 10 nm thickness. 
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Interestingly, if the Co catalyst was deposited through a shadow mask, MWCNTs were 
even observed on areas of the Ta layer that were completely covered by the metal grid 
of the shadow mask during the Co deposition (Figure 3.12a). Here one can assume that 
no Co has been deposited. The growth far away from the deposited Co can only be 
explained by diffusion of Co on the Ta layer or by an alloy formation between Co and 
the Ta based catalyst support during the growth process since a plain Ta layer will not 
promote any CNT growth. The tantalum is usually transformed into an oxide and some 
TaC if exposed to a carbon source at high temperatures, as verified by depth profile 
measurements using x-ray photoelectron spectroscopy (not shown). It has to be assumed 
that Co will show an increased solubility in thin tantalum oxide or carbide layers 
compared to simple tantalum. After scratching the MWCNT layer, characteristic 
alloying patterns have been observed on areas that were completely covered by the 
metal grid of the shadow mask that means where no catalyst has been deposited. It can 
be seen that the nanotubes nucleate from small holes in the middle of spherical patterns 
(Figure 3.12b). 
 
 
Figure 3.12: MWCNT growth on Ta with Co catalyst. A Co catalyst layer (~ 1 nm) has been deposited 
through a 50-µm-mesh shadow mask on a Ta layer (Si/200 nm SiO2/20 nm Ta/1 nm Co (shadow mask); 
700°C; 5 min H2; 2.5 Torr H2 + 5 Torr C2H2). About 30 µm high MWCNTs blocks grow in the middle 
unmask squares. MWCNTs with a decreased growth density are also observed on the areas protected by 
the mask (a). Characteristic alloying patterns become visible in the masked areas after scratching the 
nanotube layer with tweezers (b). 
 
In conclusion, the Co mediated growth experiments show that SWCNTs, DWCNTs 
and MWCNTs can be grown at the same time if the catalyst thickness and the catalyst 
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support are appropriately chosen. An important finding is that the size of the catalyst 
particle essentially determines whether a SWCNT or a MWCNT can nucleate.  
 
3.6 Synthesis of Nanofibers 
 
The lower temperature limit for CCVD growth of MWCNTs seems to be around 
600 °C, as can be easily deduced from Table 3.1. Below that temperature range only 
carbon nanofibers or bamboo-shaped CNTs have been grown by CCVD [108]. 
 In order to make the synthesis of MWCNTs more compatible with conventional 
microelectronic processes it is essential to reduce the growth temperature as much as 
possible. In this regard, there are essentially two different approaches that can be 
pursued. One is based on plasma enhanced CCVD, whereas the other is based on the 
design of a catalyst system that has increased activity at low temperatures. From an 
evaluation of the various reports on CCVD processes with direct plasma it can be 
concluded that most of those processes yield rather defective nanotubes or even 
nanofibers. Therefore, the second approach was followed.  
It has been found that the introduction of a thin Pd layer in addition to the catalyst 
layer allows the CCVD synthesis of carbon nanofibers at temperatures as low as 450 °C 
(Figure 3.13). Unfortunately, no well-graphitized nanotubes were obtained (Figure 
3.13b and d) and the growth temperature limit of 600 °C for MWCNTs could not be 
further reduced. Successful co-catalytic synthesis of nanotubes and nanofibers has been 
already reported for Co-Ni nanoparticles in the presence of Pd [109]. Using a plain Pd 
layer leads only to the synthesis of irregular shaped fibers or amorphous carbon deposits 
[110], whereas long and straight nanofibers can be obtained if a Pd layer is deposited in 
combination with a transition metal layer, such as Ni, Fe, or Ti. The latter metal was not 
commonly associated with nanofiber or nanotube synthesis. Pd is well known as a 
catalytic metal for the decomposition and oxidation of hydrocarbons. It’s catalytic 
activity might derive from the formation of Pd oxides at the typical temperatures of 
interest, as indicated by first principles molecular dynamics simulations [111]. 
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Figure 3.13: CNF growth at low temperature by thermal CCVD. Image (a) shows a SEM image of 
CNFs grown at 500 °C (Si/200 nm SiO2/2 nm Ti/2 nm Pd; 500 °C; 5 min H2; 2.5 Torr H2 + 5 Torr C2H2). 
Image (b) shows a TEM image of the cone-shaped nanoparticles at the root of those fibers and reveals the 
amorphous structure of the CNFs. Image (c) and (d) show SEM and TEM images of bamboo-shaped 
CNFs grown at 700 °C (Si/200 nm SiO2/4 nm Ti/1 nm Pd; 700 °C; 5 min H2; 2.5 Torr H2 + 5 Torr C2H2). 
In image (a) and (c) the CNF film was scratched. 
 
Figure 3.13 shows typical results for the CCVD growth of nanofibers using the Pd/Ti 
system. The synthesis of CNFs is based on the high catalytic activity of Pd and on alloy 
formation with the transition metal. Pd cracks the acetylene and saturates the 
nanoparticles with dissolved carbon. The carbon precipitates at the surface of the 
nanoparticles. This leads to the characteristic cone-shaped graphene layers of the 
nanofibers. The thickness of the Pd layer and the growth temperature are the most 
important parameters. Growth at lower temperatures requires a thicker Pd layer. 
Increasing the growth temperature will lead to a gradual transition from nanofibers with 
an amorphous structure (Figure 3.13a and b), to nanofibers with a bamboo-shaped 
structure (Figure 3.13c and d). Further, no SWCNT growth could be achieved using the 
Pd/Ti or the Pd/Fe systems. 
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3.7 SWCNT Growth at 600 °C 
 
The previous section dealt with a general reduction of the growth temperature below 
600 °C. However, at the beginning of this work the synthesis of SWCNTs below 700 °C 
was still a challenge and there were only a few reports. Growth of SWCNTs can only 
occur if properly sized catalyst particles are formed, which mainly depends on the 
catalyst support (see section 3.2). For instance, Mo et al. [112] reported rather low 
growth temperatures around 600 °C for the synthesis of a mixture of SWCNTs and 
MWCNTs using a mechanically mixed Al2O3/Ni catalyst. However, an activation 
anneal at 900 °C was carried out before starting the growth with an acetylene/hydrogen 
mixture. Furthermore, SWCNT growth using solution based Fe/Mo mixtures supported 
on alumina particles has been observed at temperatures as low as 680 °C [113, 114]. 
For growth on substrates it is, however, not desirable to have a support consisting of 
porous particles, which would represent a severe contamination problem for any post-
processing. The growth on Al layers would be much better suited and was, therefore, 
investigated in depth during this work with particular regard to reducing the growth 
temperature. Growth of SWCNTs on a thin Al support layer was first reported by 
Delzeit et al. who found enhanced SWCNT growth using a Fe/Mo bilayer on top of 
2-10 nm Al with methane as the carbon feedstock at 900 °C [115]. Further, Al 
supported growth of SWCNTs has been described using Ni catalyst and a 
hydrogen/methane gas mixture at 800 °C [116].  
In this work it has been found that Ni enables SWCNT synthesis at the lowest 
temperature range, as low as 600 °C. The exclusive growth of SWCNT on substrates at 
600 °C (Figure 3.19) has not been reported before. Only one report claimed the growth 
of SWCNT at 550 °C on a zeolite support [117] but no images indicating the yield were 
presented. Raman spectroscopy was performed in order to verify that the structures 
grown at 600 °C are nanotubes. 
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Figure 3.14: Radial breathing mode response in the Raman spectra of SWCNTs grown at 600 °C (SiO2 
(quartz)/0.2 nm Ni; 600 °C; 10 min H2; 0.5 bar CH4). The four spectra, taken at different locations on the 
substrate, all show similar response indicating homogenous growth. The diameters of the excited 
nanotubes were calculated from the radial breathing mode frequency to be between 0.78 nm and 1.3 nm. 
 
Figure 3.14 shows the radial breathing modes in the Raman spectra of SWCNTs 
grown at 600 °C. The four different overlapping spectra were obtained at four different 
positions on the same sample. They show all a very similar response. The diameters of 
the excited nanotubes were calculated from the radial breathing mode frequency to be 
between 0.78 nm and 1.3 nm [118]. However, a detailed analysis of the diameter 
distribution would require several excitation energies. 
 
 
 
 
 
 
 
 
 
Figure 3.15: Ids vs. Vg. curve of a field effect measurement proving the growth of semiconducting 
SWCNTs at 600 °C. (Si back-gate, Vds = 1 V, Si/200 nm SiO2/20 nm Ta/50 nm Co/5 nm Al/0.2 nm Ni; 
600 °C; 30 min H2; 0.5 bar CH4; contact improvement by electroless Pd encapsulation). 
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Electrical transport measurements can reveal the presence of semiconducting 
SWCNTs. The semiconducting behavior can be demonstrated by field effect 
measurements (Figure 3.15). Only semiconducting SWCNTs and not MWCNTs exhibit 
strong current modulation dependence on the gate voltage at room temperature. In this 
case the SWCNTs have been grown between Ta/Co electrodes and encapsulated by 
electroless Pd deposition (see section 4.2). 
At temperatures lower than 600°C, the growth rate is drastically reduced. Figure 3.16 
shows an experiment at 575 °C on plain SiO2. The density of CNTs is low and also their 
length does not exceed a few hundred nanometers.  
The low temperature limit of CCVD is mainly an effect of the insufficient supply of 
carbon species to the growth sites as well as an energetic hindrance to the formation of 
appropriate catalyst particles. SWCNT growth experiments at the low temperature limit 
showed very short and irregular shaped carbon structures. Those structures still have 
diameters similar to SWCNTs. The defective structure indicates that the growth is 
inhomogeneous and probably interrupted when the carbon supply is insufficient. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: Only sparse growth of SWCNTs can be observed at a temperature of 575 °C (Si/100nm 
SiO2//0.2 nm Ni; 575 °C; 5 min H2; 0.5 bar CH4). 
 
600 °C seems to be roughly the minimum temperature at which the thermal CCVD 
growth of SWCNTs can be performed. This is also the same limit as for the CCVD 
growth of well-graphitized MWCNTs. 
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3.8 Dependencies of the SWCNT Growth at Low Temperatures 
 
The growth of SWCNTs using Ni as the catalyst will be discussed with respect to the 
most important parameters, e.g. catalyst layer thickness, temperature, pretreatment time, 
catalyst support, and gas pressure. The other catalyst systems, summarized in Table 3.1, 
show principally the same dependencies and will, therefore, only be mentioned when 
necessary. 
 
Catalyst Layer Thickness: 
The thickness of the catalyst layer is very important for the growth if the catalyst is 
deposited in the form of a metal or metal salt layer. The thickness of the layer will 
determine the size and density of the catalyst particles formed during pretreatment. 
Slight variations of the catalyst thickness on the scale of 0.1 nm will greatly affect the 
extent of the growth. With a higher catalyst layer thickness the density of catalyst 
particles increases. This increases the yield of nanotubes to a certain point beyond 
which the SWCNT yield will decreases again. This is related to the fact that eventually 
not only the density but also the diameter of the catalyst particles increases. If the 
particles are too large they will not promote the nucleation of SWCNTs. Another 
explanation might be that the small separation of the particles hinders growth, since the 
support area around an individual catalyst particle decreases. The possible importance 
of the surface area of the catalyst support with respect to surface diffusion of carbon 
species will be discussed in Section 3.9. 
Furthermore, the size of the resulting catalyst particles will determine whether they 
are in the liquid or solid state since the melting point will decrease with decreasing 
particle size [119]. The formation of smaller particles might, thus, be especially 
important for growth at lower temperatures. 
 
Temperature: 
Examples of the temperature dependence of the Al/Ni bilayer mediated SWCNT 
growth are shown in Figure 3.17. In the corresponding experiments all other parameters 
were kept constant. The growth is very sparse at 600 °C since an insufficient number of 
active catalyst particles forms during the 5 min pretreatment in hydrogen. Good growth 
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is observed between 650 °C and 700 °C. At 800 °C the yield of CNTs is clearly reduced 
and many large catalyst particles are visible. These larger particles form by Oswald 
ripening and are unable to support SWCNT growth. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17: Temperature dependence of the SWCNT growth on sample with identical catalyst layers 
(Si/100 nm thermal SiO2/6 nm Al/0.3 nm Ni; different temperatures; 5 min H2; growth 10 min 0.5 bar 
CH4). 
 
Dependence on Pretreatment: 
Pretreatment is required in order to obtain appropriate catalyst particles. Pretreatment 
is usually performed in a hydrogen-based atmosphere, which will reduce the catalyst 
metal oxides. Catalyst atoms in the metallic form will then coalesce by Oswald ripening 
and form increasingly large clusters of catalyst atoms. 
 
 
Figure 3.18: Effect of the H2 pretreatment time on SWCNT growth (Si/100 nm SiO2/3 nm Al/0.2 nm 
Ni; 650 °C; different pretreatment times H2; growth 10 min 0.5 bar CH4). Too short and too long 
pretreatment times lead to a reduced SWCNT density. 
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The duration of the hydrogen pretreatment was found to be very important for 
successful growth. Figure 3.18 shows the effect of the H2 pretreatment time on the 
SWCNT yield at 650 °C. A pretreatment of 5 minutes is not sufficient to form catalyst 
clusters with a sufficient size whereas after 10 minutes of pretreatment a sufficient 
growth of SWCNTs was observed. A pretreatment at longer times (e.g. 30 minutes) 
decreases again the yield since the catalyst particles will eventually become too large . 
 
Effects of Pretreatment and Catalyst Support at a Growth Temperature of 600 °C: 
Figure 3.19 illustrates the influence of an Al layer as the catalyst support. The result 
is similar to the ones presented in Section 3.2. The dependence of the growth on the 
catalyst support will be again briefly discussed in this section, but now with respect to 
the very low growth temperatures of around 600 °C. 
 
 
Figure 3.19: The effect of the duration of hydrogen pretreatment on SWCNT growth at 600 °C using 
0.2 nm Ni catalyst on either plain SiO2 ((a) and (b)) or 3 nm Al on SiO2 ((c) and (d)). Samples (a) and (c) 
have been each pretreated for 10 minutes, (b) and (d) each for 60 minutes (growth time: 10 minutes, CH4 
pressure: 0.5 bar). 
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In Figure 3.19a) and b) the Ni catalyst has been deposited on plain SiO2, whereas in 
Figure 3.19c) and d) a 3 nm Al layer acts as the catalyst support. The samples in Figure 
3.19a) and c) have been pretreated at 600 °C with hydrogen for 10 minutes, whereas the 
samples in Figure 3.19b) and d) were each pretreated for 60 minutes at the same 
temperature before starting growth. 
The difference between growth on plain SiO2 and on the Al layer is obvious: 
obtaining satisfactory growth on SiO2 at a temperature of 600 °C (Figure 3.19a)) 
requires much smaller pretreatment times than growth at the same temperature on an Al 
support (Figure 3.19d)). A 10 min pretreatment (Figure 3.19c)) is not sufficient for the 
samples with an Al support to promote SWCNT growth. An explanation for this 
difference is that the Ni atoms diffuse faster on SiO2 than on the Al support and 
consequently shorter pretreatment times are required for SWCNT growth on SiO2. This 
might be related to either the different surface morphology (Figure 3.6) or different 
diffusion coefficients. Large catalyst particles form on SiO2 at longer pretreatment times 
(Figure 3.19b)), inhibiting SWCNT growth. This again emphasizes the different 
diffusion and agglomeration behavior of Ni on SiO2 or an Al layers. 
 
Dependence on the Pressure of the Carbon Source: 
The influence of the gas pressure on SWCNT growth is illustrated in Figure 3.20. 
Only a sufficiently high methane pressure supports good growth. Nevertheless, some 
isolated SWCNTs (Figure 3.20 - dark lines) can be observed even at pressures as low as 
20 Torr.  
 At higher temperatures the partial pressure of the carbon carrier gas is limited by its 
pyrolytic activity. It has been observed in various experiments that SWCNTs still 
nucleate, but further growth is suppressed if the pressure of the carbon source becomes 
too high during loading of the furnace. The pyrolytic decomposition usually starts on 
surfaces and under even more unfavorable conditions pyrolysis will eventually occur in 
the gas phase.  
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Figure 3.20: The dependence of CNT growth on the methane pressure (Si/100 nm 
SiO2/6 nm Al/0.2 nm Ni; 650 °C; 5 min H2; x Torr CH4). 
 
Pyrolytic decomposition on the surface manifests itself in the deposition of an 
amorphous carbon layer on the substrate or around the nanotubes and completely 
encapsulates the catalyst (Figure 3.21a and b). Pyrolysis in the gas phase usually 
involves the formation of large amorphous carbon particles (Figure 3.21b). 
 
 
Figure 3.21: SEM images illustrating the suppression of SWCNT growth by pyrolysis of the 
hydrocarbon source: a) SWCNTs partially and catalyst particles entirely surrounded by amorphous 
carbon (Si/100 nm SiO2/5 nm Al/0.5 nm Fe; 900 °C; 5 min H2; 0.6 bar CH4); b) SWCNT growth stopped 
by encapsulation in amorphous carbon. In addition large (1 µm diameter) carbon particles were formed in 
the gas phase (Si/100 nm SiO2/5 nm Al/0.5 nm Fe; 950 °C; 5 min H2; 0.5 bar CH4). 
 
Many of the investigated SWCNT growth processes use methane as the carbon 
feedstock. At moderate temperature = 900 °C methane undergoes only little self-
pyrolysis in contrast to, e.g. acetylene. However in the presence of a catalyst metal the 
pyrolysis of methane is increased. This effect has been observed elsewhere by an 
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increase of the H2 concentration as well as in the formation of benzene by 
dehydrogenation [120]. 
 
To briefly conclude, it has been found that for the synthesis of SWCNTs at low 
temperatures the following parameters have to be within a specific process window: 
catalyst layer thickness, pretreatment time, gas pressure, and temperature. These 
parameters depend strongly on each other. This means that varying one of them will 
inevitably affect the range of the others. For the Ni/methane system one can state that 
optimal growth can be achieved for a catalyst layer thicknesses between about 0.2 nm 
and 0.3 nm, a pretreatment time between 5 and 60 minutes depending on the support, a 
methane pressure around 0.3 – 0.4 bar, and a temperature between 600 °C and 700 °C. 
A brief overview of several other growth regimes based on different catalyst metals and 
carbon sources that were investigated during this thesis was already given in table 3.1.  
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3.9 Growth Model for CCVD of CNTs 
 
The models describing the CCVD growth of CNTs are rather controversial. Usually 
the growth of nanotubes is explained solely by the vapor liquid solid (VLS) mechanism. 
The VLS mechanism is based on the solution of atoms from the gas phase in liquid 
catalyst particles, a bulk-diffusion within the particles, and subsequent segregation of 
those atoms in a condensed solid form [121]. The growth of nanowires (e.g. Si, Ge, 
GaN, etc) is attributed to this mechanism [122, 123]. An important addition to the VLS 
mechanism is the enhancement of the growth by surface diffusion processes. Such a 
surface diffusion based mechanism will depend less on solution and segregation 
processes and more on the transport of atoms along surfaces. In the following a number 
of arguments will be presented that favor surface diffusion enhanced SWCNT growth. 
At first, some general features of the CCVD of CNTs will be summarized that 
emphasize that the VLS mechanism is certainly relevant in order to explain a number of 
aspects of nanotube growth. 
 
A commonly observed feature of the CCVD growth of CNTs is the close correlation 
between catalyst particle size and nanotube diameter. This has been reported in many of 
the different CCVD processes enumerated in Section 3.1. A straight consequence was to 
use mono-dispersed nanoparticles, which should yield a narrow diameter distribution 
[124]. Unfortunately, due to agglomeration and changes of the nanoparticle size during 
the CCVD process (evaporation, diffusion of catalyst atoms) the diameter range could 
only be limited to some extent. 
Another common feature of CCVD of CNTs is the choice of the catalyst metals. The 
essential requirement seems to be a finite solubility of carbon in the catalyst metal. Most 
transition metals show such a behavior. Most reports on CNT growth use Fe, Co, Ni, 
and their alloys. The difference of the growth behaviors of Fe, Co, and Ni may be 
related to their ability to form catalyst particles with the right size and shape. 
Interestingly, the order of the lowest growth temperatures (Ni, Co, Fe) as indicated in 
Table 3.1 is in agreement with the order of the bulk melting points of the three transition 
metals (Ni 1450 °C, Co 1490 °C, Fe 1540 °C). This might explain why Ni exhibits the 
lowest growth temperature (see 3.7). However, the eutectic temperature in the NiC, 
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CoC, and FeC phase diagrams show just the opposite order (Fe-C: 1148 °C, Co-C: 1321 
°C, and Ni-C: 1327 °C) [125]. 
It is important for CNT growth that appropriately sized catalyst particles are formed. 
If the atoms can diffuse more easily on the catalyst support they will coalesce into 
particles more rapidly (Figure 3.22b). On the other hand, if the atoms diffuse too 
quickly the particles will become too large to initiate SWCNT growth (Figure 3.22a). 
The shape of the catalyst particles will be largely affected by the wetting behavior on a 
specific substrate. It has been reported that hydrogen leads to much better wetting [126]. 
Thus, the pretreatment in H2 might not only reduce the metal oxide, but also improve 
the wetting of the catalyst particle. A strong interaction between catalyst atoms and the 
catalyst support or even a slight inter-diffusion (solubility in the support material) will 
hinder the formation of appropriately shaped catalyst particles (Figure 3.22c). The 
concept of the importance of the catalyst support on SWCNT growth becomes more 
obvious if one regards the limited choice of substrates (e.g. SiO2, Al2O3, MgO) on 
which SWCNTs and high quality MWCNTs (not bamboo-shaped CNTs or CNFs) can 
be grown. The coalescence of atoms into clusters depends also on the roughness of the 
catalyst support and the temperature [127]. The surface roughness of very thin Al layer 
is considerably higher then the one of thermally grown SiO2 (see 3.2), thereby, 
hindering the coalescence of the catalyst clusters into larger particles. 
 
 
Figure 3.22: Schematic that illustrates the effect of the interaction between the catalyst support and the 
catalyst on the SWCNT growth. A weak interaction (a) inhibits SWCNT growth since the catalyst 
particles become too large due to coalescence; a moderate interaction (b) gives particles with the right 
size and shape for SWCNT growth; a strong interaction (c) prevents formation of suitable particles. 
 
One of the keys to understand CNT growth is the observation of the behavior of 
small metal particles at temperatures below the melting point. Pronounced size effects 
have been observed. For instance, Homma et al. investigated the melting points of Fe 
and Co nanoparticles and found a large decrease compared to the melting points of the 
3 CCVD Growth  
 
 
 
59
bulk metals. A further decrease resulted from the exposure to methane, since the Fe-C, 
Co-C, or Ni-C eutectic phases involve an additional a reduction of the melting points. In 
the study by Homma et al. it was found that the melting points Tm of Fe and Co 
nanoparticles (5 – 30 nm diameter) were decreased considerably to around 600 °C when 
they were exposed to methane [105]. The indicated temperature range is identical to the 
observed low temperature limit for nanotube synthesis of around 600 °C. A further 
decrease by the size effect might result for the even smaller particles that promote 
SWCNT growth. The size effect is related to the high surface energy of the 
nanoparticles and is known from crystal growth theory as the Gibbs-Thomson effect 
[119, 127].  
Although carbon will definitely influence the properties of the catalyst particle the 
carbide phases are usually not taken into consideration for nanotube synthesis. Reasons 
are that Ni3C and Co3C decompose around 430 °C and 400 °C, respectively, and Fe3C 
was not found to be catalytically active [128]. However, post-growth energy dispersive 
x-ray spectroscopy (EDX) studies revealed a transition to orthorhombic Fe3C and Co3C 
after SWCNT growth using methane [105]. It is very likely that those phases formed 
during cool-down. Hence, liquid particles consisting of a solution of the catalyst metal 
and carbon are widely considered as the main source for CNT growth. 
Another point that might be important for CNT synthesis is the exothermic nature of 
the decomposition of hydrocarbons, which might further promote melting of the catalyst 
nanoparticles [5]. 
It has been suggested that SWCNT growth is initiated once a carbon monolayer 
covering a catalyst particle becomes unstable due to the incorporation of additional 
carbon atoms or thermal vibrations [126, 128, 129]. However, when considering the 
growth of SWCNTs two components have been largely neglected. First, the interaction 
of the catalyst with the catalyst support affects both the size and the shape of the catalyst 
particles (Figure 3.22). Second, a large portion of the catalyst particle is covered with a 
monolayer of carbon or the growing carbon nanotube, hindering the direct catalytic 
decomposition of the carbon feedstock at the surface of the catalyst particle. Thus, the 
impingement rate of carbon species at the nanometer sized particles directly from the 
gas phase might be too low to explain the fast growth of SWCNTs. In addition, a simple 
comparison of the surfaces of the nanotube and the catalyst support with the free surface 
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of the catalyst particle indicates the importance of surface diffusion processes. One or 
both of the following two mechanisms might, therefore, deliver the carbon required for 
the fast growth rates of SWCNTs: 
§ Surface diffusion of adsorbed carbon species along the outer walls of the 
SWCNTs [127], 
§ Surface diffusion on the oxide surface (e.g. SiO2, Al2O3, MgO) in the vicinity 
of the catalyst particles.  
Louchev et al. reasoned in favor of surface diffusion along the CNT over bulk 
diffusion through the catalyst particle [127]. They theoretically investigated the growth 
of MWCNT forests and found that the delivery of sufficient carbon could only be 
explained by surface diffusion. For instance, the growth of nanotube forests would be 
strongly inhibited if the transport would be entirely through the gas phase. Once the 
carbon species (e.g. CH3) collide with the nanotube walls they will be adsorbed due to 
the large adsorption energy E ~ 1.8 eV. In contrast to the large adsorption energy the 
carbon atoms have only a low activation energy for surface diffusion Ed ~ 0.13 eV 
[130]. Hence, surface diffusion along the sidewalls of the CNTs seems to be very likely.  
In addition, a saturation of only the surface of the particle might be sufficient for 
growth [131]. This would further reduce the importance of diffusion of carbon inside 
the catalyst particles for nanotube growth and could explain the growth of nanofibers 
from catalyst particles that are too large to be completely molten. Surface melting arises 
from the fact that surface atoms are less tightly bound and can easily change their 
positions.  
The adsorption and decomposition of the carbon source will predominantly occur on 
the surface of the catalyst support and the nanotube and not on the catalyst particle. 
Many experiments performed during this work have shown that the pyrolytic 
decomposition of the carbon source starts at temperatures well below those of the 
pyrolysis in the gas phase (see dependence on gas pressure in section 3.7). At 
sufficiently high temperatures and partial pressures thick amorphous carbon layers form 
on the substrates or encapsulate the nanotubes (Figure 3.24d). It can, therefore, be 
deduced that at a sufficient temperatures and pressure a certain amount of hydrocarbons 
will always be adsorbed at the surfaces. Thereby, temperature and pressure can be 
considerably lower than for the pyrolysis in the gas phase. This finding is also supported 
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by the observation that MWCNT-like structures can be synthesized in the pores of 
anodic aluminum oxide (AAO) templates without the help of a catalyst [132, 133, 134]. 
To explain this, the adsorbed hydrocarbons have to be decomposed on the surface and 
have to be sufficiently mobile to diffuse along the surface until they are incorporated 
into the CNTs.  
The growth temperature, the gas pressure, the surface diffusion constants, and the 
size of the catalyst support surface around each particle will be the limiting factors for 
the supply of carbon species to the growing CNTs. 
Four principal scenarios may occur during a CCVD process of CNTs. They are listed 
below and refer to the schematic drawings of Figure 3.23 as well as the SEM images of 
Figure 3.24.  
a) The catalyst particles interact too strongly with the support, the H2 
pretreatment time is insufficient, or the temperature is too low (a). At 
temperatures too low for SWCNT synthesis, a thin amorphous carbon layer 
grows on the substrate surface. This was observed by scratching the sample 
(Figure 3.24a). There are two possible reasons for the formation of this layer: 
First, small catalyst clusters and isolated catalyst atoms still cover the whole 
catalyst support surface. Secondly, insufficient carbon is transported to the 
growth sites by the reduced surface diffusion of the carbon species and the 
reduced pyrolytic activity at low temperatures. 
b) Figure 3.23b and Figure 3.24b illustrate the ideal case of good SWCNT 
growth. Here all parameters are within the required process window. 
c) The catalyst interacts too weakly with the support, the H2 pretreatment time is 
too long, the catalyst layer is too thick or the temperature is too high. Here the 
catalyst particles will become too large (>5 nm) and SWCNTs cannot grow 
(Figure 3.23c and Figure 3.24c). Those particles might, under appropriate 
conditions, promote MWCNT growth. 
d) The growth temperature is too high for a specific partial pressure of the carbon 
feedstock. Here pyrolytic processes on the support will dominate and carbon 
adsorbs on the substrate faster than that they can be incorporated in SWCNTs. 
As a result a thick amorphous carbon layer will form, burying the catalyst 
particles (Figure 3.23d, Figure 3.24d). 
3 CCVD Growth  
 
 
 
62
 
 
 
 
 
 
 
 
 
 Figure 3.23: Critical scenarios during a SWCNT CVD process: (a) surface poisoned by catalyst 
clusters (interaction between catalyst and support too strong, temperature too low, H2 pretreatment time to 
short); (b) good SWCNT growth; (c) catalyst particles are too large (interaction between catalyst and 
support too weak, temperature too high, H2 pretreatment time too long); (d) an amorphous carbon or 
graphite layer forms at the high temperature or high pressure limit of the process. 
 
 
Figure 3.24: SEM images of (a) amorphous carbon (scratched) on a sample with insufficient 
pretreatment (Si/100 nm SiO2/6 nm Al/0.2 nm Ni; 600 °C; 5 min H2; 0.5 bar CH4); (b) abundant SWCNT 
growth and bundle formation (Si/100 nm SiO2/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4); (c) 
large catalyst particles hinder SWCNT growth (Si/100 nm SiO2/5 nm Al/0.5 nm Ni; 700 °C; 5 min H2; 
0.4 bar CH4); (d) cross-section showing a pyrolytic carbon layer (Si/100 nm SiO2; 950 °C; 5 min H2; 0.5 
bar CH4). 
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The presented scenarios strongly support a growth model based on catalyst-substrate 
interactions and surface diffusion. The carbon species adsorbed on the catalyst support 
or the nanotube surfaces will diffuse to the catalyst particles due to concentration 
gradients along the surfaces. Growth then proceeds by incorporation of carbon atoms at 
the dangling bonds or by carbon pentagon/heptagon to hexagon transformations around 
the catalyst particle. The consumption of carbon at growth sites will cause the 
concentration gradients. However, the question whether the complete decomposition of 
the carbon source to carbon atoms will occur during adsorption on the surfaces or at the 
point where the carbon atoms are incorporated into the nanotube remains unanswered. 
A dehydrogenation or partial fragmentation of the hydrocarbons (e.g. C, CH, CH3, 
CCH, etc - depending on the carbon source) will very likely occur on the catalyst 
support or the nanotube sidewalls. These processes are supported by the observation of 
catalyst free growth of CNFs in AAO templates [132, 133, 134] or by the frequently 
observed amorphous carbon coatings on CNTs grown by CCVD under non-ideal 
conditions [135]. 
 
The previous argumentation was in favor of surface diffusion based growth. The 
VLS process will, however, not be entirely excluded. A supersaturated catalyst particle 
with a segregated carbon shell on the surface is important for the initial growth of 
CNTs. This situation should be the result of solution processes similar to the VLS 
mechanism. After nucleation of the nanotube the surface diffusion processes might 
explain the fast growth rates. 
 
Now the nucleation of nanotubes will be briefly investigated. TEM investigation on 
CCVD grown SWCNTs and MWCNTs revealed that the tips are closed and do not 
contain catalyst particles [114, 136]. This strongly supports base-growth during thermal 
CCVD. Tip-growth involves a catalyst particle at the end of the nanotube, which is 
carried away from the substrate by the growing nanotube. During tip-growth the 
decomposition and growth occurs in the catalyst-containing tip (Figure 3.25a). In 
contrast, the nanotube originates from a catalyst particle in the case of base-growth 
(Figure 3.25b). Base growth usually involves a substantial interaction of the catalyst 
with the substrate. Base growth will ideally lead to a tip resembling a catalyst-free 
3 CCVD Growth  
 
 
 
64
fullerene half-cap. Here it will be postulated that only a base growth will result in the 
formation of well-graphitized SWCNTs and MWCNTs during substrate based thermal 
CCVD. Most of the previous work that showed evidence of tip growth by finding 
catalyst particles within the tips were only related to bamboo-shaped MWCNTs or 
CNFs [e.g. 137]. Even for the base growth process it might be possible to find catalyst 
particles in the tips. This can occur by a tearing-up of an elongated catalyst particle 
during CNT nucleation (Figure 3.25c and d). 
 
Figure 3.25: Schematic showing the possible nucleation scenarios for nanotubes. (a) tip growth; (b) 
base growth; (c) and (d) base growth with a splitting of the catalyst particle leading to an encapsulated 
particle in the tip. The particle in the tip does not contribute to the CNT growth since a carbon shell 
encapsulates it. 
 
The growth process may be initiated via relaxation of strain built up in the carbon 
cap around the spherical surface of a catalyst particle (Figure 3.26a). Such a strain can 
develop by a mismatch between the carbon cap and the particle. The interaction of the 
forces resulting from the deformation of the catalyst particle due to incorporation of 
more carbon atoms into the carbon cap with the adhesion forces of the catalyst particle 
on the substrate cause additional strain. If the cap slips off the catalyst particle strain 
this strain will be partially released (Figure 3.26a). The detachment of the carbon cap 
from the catalyst particle will be triggered by thermal vibrations, which have to 
overcome the work of adhesion between the cap and the catalyst metal [126]. An 
extrusive force results from the slightly strained root of the nanotube around the catalyst 
particle and the nanotube will grow as long as new carbon atoms are incorporated at the 
dangling bonds (Figure 3.26c). This nucleation process can be imagined in analogy to a 
rubber band slipping off a curved surface, where the rubber band represents the 
nanotube cap.  
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Figure 3.26: Relaxation mechanism of a strained carbon cap (a) that initiates SWCNT growth (b) by 
slipping-off. The growth continues by incorporation of carbon atoms at the catalyst particle combined 
with an extrusive force resulting from a slightly strained CNT shell (c). 
 
The initial state of the growth is depicted in Figure 3.27. Here one sees strong 
evidence for cap formation on catalyst particles. The particles were nevertheless too 
large to support further SWCNT growth. 
 
 
Figure 3.27: SEM images showing the initial stage of SWCNT growth. A carbon cap formation or 
elongation of small catalyst clusters can be clearly seen. The growth was however suppressed 
(a) Si/50 nm Al2O3/ 0.2 nm Mo/ 0.2 nm Ni; 600 °C; 5 min H2; 0.4 bar CH4; (b) Si/20 nm Al/4 nm Ni; 
750 °C; 5 min H2; 0.5 bar CH4). 
 
Jost et al. deduced approximate nucleation conditions for SWCNTs from 
considerations based on surface energies in dependence of the catalyst particle diameter 
(Gibbs-Thomson effect) [119]. They predicted for catalyst particles with specific 
diameters that nanotube growth is only allowed within a certain temperature window. 
This window is defined by the difference of surface energies of a pure liquid catalyst 
metal particle and a particle with the surface energy of graphite since the surface energy 
of graphite is 10 - 20 times smaller than the one of the liquid catalyst metal (e.g. Ni). 
Outside this window no carbon supersaturation and, therefore, no SWCNT growth is 
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assumed to be possible. The mentioned difference of surface energies has also 
implications on the wetting of a graphite layer on a catalyst particle, which might be 
another possible explanation for the nucleation of nanotubes and nanofibers. The 
wetting will for instance depend on the carbon content of the catalyst particle and the 
gases involved (H2). Further, Jost et al. assumed that growth of SWCNTs might be 
energetically favorable since a SWCNT will constitute a biaxial stress state in contrast 
to the triaxial stress state of a carbon cap around a supersaturated catalyst particle (e.g. 
Laplace pressure) [138]. This idea would also support the above-mentioned concept of 
nanotube growth due to release of strain. 
Vinciguerra et al. [139] proposed a model similar to the one presented in this work, 
in which it was also assumed that the carbon species are delivered by diffusion along 
the catalyst support to the catalyst particle. In their model opposing and friction forces 
were used to explain the growth and it has been suggested that the extrusion force 
results from free energy release, whereas the friction force results from interaction of 
the CNTs with the surrounding gas. In contrast, here it is suggested that the growth is 
rather inhibited by Van der Waals forces between different CNTs (bundle formation), 
by Van der Waals forces between a nanotube and the substrate, or by an insufficient 
carbon supply.  
One consequence of the surface diffusion and relaxation model is that the catalytic 
activity of the catalyst particle is primarily important for the nucleation of the nanotube 
(supersaturation with carbon) but only secondary for the subsequent fast growth [127]. 
This might also explain why SWCNTs could even be synthesized without the need of 
catalyst particles and a gaseous carbon supply by simply annealing SiC substrates at 
high temperatures (>1500 °C) [140]. Here the nucleation of the SWCNTs was probably 
initiated by a nanoscopic surface roughness or by thermal vibrations alone (growth 
temperature ~1500 °C). The surface diffusion model is also in favor of the observed 
growth of MWCNTs from nanoholes with diameters equal to the MWCNTs [141]. The 
carbon supply must be provided via diffusion on the surface of the substrate or the tube, 
since the holes are almost completely filled with the MWCNT.  
 
The previous argumentation was centered on CCVD. Nevertheless, other fabrication 
methods of SWCNTs might involve slightly different growth mechanisms. A growth 
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model predominantly based on the VLS mechanism with quenching of supersaturated 
catalyst particles may be relevant during high temperature processes (arc discharge or 
PLD) [119, 142]. TEM observations of the felt from PLD revealed that individual 
SWCNTs and bundles of SWCNTs protruded from catalyst particles that are clearly 
larger than the SWCNT diameters. Taking this into consideration a “cap growth mode” 
has been suggested [119], which is based on extrusion from a supersaturated catalyst 
particle, larger than the nanotubes. Such an alternative model has been supported by the 
observation that the size of the particles does not affect the diameter distribution of PLD 
grown SWCNTs. Further, SWCNT growth by PLD has been suggested to be a result of 
the adsorption of fullerenes, fullerene half caps, and condensed amorphous carbon on 
supersaturated catalyst particles [143, 144]. The diameter distribution of the grown 
SWCNTs is, thereby, determined by the diameters of the adsorbed caps. As a 
conclusion, a solid-liquid-solid growth mechanism for SWCNTs has been proposed in 
reference [144] being another alternative to the VLS mechanism. Additionally, this 
solid-liquid-solid model was supported by the observation of SWCNT growth by 
annealing a catalyst containing amorphous carbon soot. Growth involving the vapor 
phase of carbon can be excluded in this case since the annealing was performed at 
1200 °C that means far below the evaporation temperature of carbon. 
 
The considerations presented above were focused on the growth of SWCNTs. Now 
the growth of MWCNTs will be briefly discussed. The simultaneous growth of 
SWCNTs, DWCNTs, and MWCNTs by CCVD clearly indicates that the principal 
growth processes during CCVD must be the same. The surface diffusion model 
presented above can be extended in order to explain DWCNT and MWCNT growth if 
one assumes that larger catalyst particles need caps consisting of more graphene shells 
in order to build up enough strain, become unstable, and initiate CNT growth.  
There are of course alternative models for the growth of MWCNTs. For instance, one 
model explains MWCNT synthesis by an epitaxial growth of shells around a SWCNT. 
This model has been suggested from simulations [145] and by comparison with the 
synthesis of vapor grown carbon fibers [5]. This model might be especially appropriate 
to explain MWCNT synthesis by arc-discharge evaporation from pure graphite rods 
without a catalyst. 
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4 In-situ contacted SWCNTs and Contact 
Improvement 
 
In order to investigate the potential of single-walled carbon nanotubes (SWCNTs) for 
future nanoelectronic devices it is necessary to develop methods that facilitate their 
electronic characterization. For this it would be convenient to have direct growth of 
SWCNTs on conducting electrode structures. Unfortunately, in an extensive study 
performed during this work, it has been found that a direct growth on conducting 
materials is impossible. However, it will be shown that a thin Al layer placed between 
electrode and catalyst allows the growth of SWCNTs. The Al will be transformed into 
aluminum oxide as discussed in Section 3.2. Further electroless deposition will be 
presented as a method for self-aligned contact improvement. 
 
4.1 Growth of SWCNTs on Ti/Mo Electrode Structures at 900 °C 
 
Historically, the first carbon nanotubes that have been electronically characterized 
were fabricated using either laser ablation or arc discharge evaporation. To obtain 
electronic devices the SWCNT raw material first had to be cleaned, deposited on a 
substrate, located via atomic force microscopy (AFM), and in some cases contacted via 
arduous e-beam lithography [13, 14, 16]. The CCVD growth methods developed later 
offered the possibility to directly grow clean SWCNTs on a substrate. Initially, the 
grown SWCNTs still had to be located by AFM and contacted by e-beam lithography 
[47, 75, 146]. The first in-situ contacted SWCNTs were produced by spin-on deposition 
of an alumina supported iron catalyst on pre-patterned Mo electrodes coated with a 
resist mask [38]. However, this method requires two photolithographic steps. Rawlett et 
al. [147] presented a similar method involving the spraying of a catalyst consisting of 
alumina nanoparticles impregnated with a Fe/Mo salt solution onto Au electrodes. 
These two approaches rely on alumina nanoparticles as catalyst support and an 
application from solution onto the substrate. However, liquid based deposition 
techniques might become inaccurate as the size of the catalyst islands becomes very 
small. Delzeit et al. [115] observed enhanced growth of SWCNTs using thin Fe or 
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Fe/Mo catalyst layers on top of 10-20 nm thick aluminum layers that were deposited on 
oxidized silicon.  
 
In this work it has been found that in-situ contacted growth of SWCNTs is possible 
by simple separating the electrode material and the catalyst by a thin Al layer. In this 
way SWCNTs could be grown on top of the following conducting materials: Mo, Ta, 
Au, Cu, Co, Si, TaN, and TiN (Figure 4.1a and b). However, no SWCNT growth was 
observed on W-electrodes even with an Al-layer (Figure 4.1c). This might be related to 
a poisoning or alloying of the catalyst with W. The Al layer prevents the catalyst not 
only from coalescencing but also acts as a diffusion barrier. Without the Al separation 
layer the catalyst either coalesces during growth to form 10 - 20 nm diameter particles, 
as observed on TaN (Figure 4.1d), or diffuses into the electrode material, as observed on 
Mo, Ta, Au, Cu, Si, Co, and TiN.  
 
Figure 4.1: SEM images of different growth experiments on various conducting layers (Si/conducting 
layer/ 1 nm Fe; 900 °C; 5 min H2; 0.5 bar CH4). (a) bundles of SWCNTs: 25 nm Ta / 10 nm Al; (b) 
bundles of SWCNTs: 50 nm TaN / 10 nm Al ; (c) no SWCNT on W electrodes even with an Al layer: 
100 nm TiN / 250 nm W / 10 nm Al; (d) no SWCNT growth due to large coalesced Fe particles: 50 nm 
TaN. 
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 An important requirement for the electrode stack is that the metals involved survive 
the elevated temperatures during the growth process without agglomeration. The 
principal multilayer system consists of the substrate (oxidized silicon), an adhesion 
layer (Ti, Ta), an electrode metal layer, a 5 - 10 nm thick Al-layer, and finally the 
catalyst layer. This system is schematically depicted in Figure 4.2. The metal layers 
were deposited with a high precision ion beam deposition system, which allowed 
controlled deposition of layers as thin as 0.2 nm. A thin Fe/Mo bilayer was used as the 
catalyst.  
 
 
 
 
 
 
 
 
Figure 4.2: Schematic illustration of the ion-beam deposited metal multilayer stack (not to scale) for 
in-situ contacted growth of SWCNTs. 
 
The importance of the Al layer for the formation of appropriate catalyst particles and 
as a diffusion barrier for growth on metal electrodes has already been discussed in 
Section 3.2. 
The growth was performed as presented in Section 3.1. However, it is very important 
that the samples are cooled down in a reducing atmosphere (e.g. H2) or in vacuum to 
prevent oxidation of the electrode structures and nanotubes from oxidation. 
The first in-situ contacted SWCNTs grown during this thesis used Fe or Fe/Mo 
catalysts, Ti/Mo electrode structures, a temperature of 900 °C, and methane as the 
carbon source (see Table 3.1). Figure 4.3a shows a SEM image of a SWCNT between 
two Mo electrodes. Here the multilayer system consisted of 10 nm Ti, 50 nm Mo, 6 nm 
Al, ~0.1 nm Mo, and ~0.4 nm Fe. In the SEM images the individual SWCNTs become 
visible due to charging effects in the insulating oxide around a SWCNT [148]. It has 
been found that changing the thickness of the catalyst can easily control the yield of the 
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SWCNTs. Figure 4.3b shows a higher yield with a multilayer system consisting of 
10 nm Ti, 50 nm Co, 6 nm Al, ~0.2 nm Mo, and ~0.6 nm Fe. There was no clear 
indication of the extent to which Mo enhances SWCNT growth since the most 
important criterion for the yield of SWCNTs seems to be the total thickness of the 
catalyst system.  
 
 
Figure 4.3: SEM images of SWCNTs grown between Mo pads. (a) Individual SWCNT (Si/200 nm 
SiO2/ 10 nm Ti/ 50 nm Mo / 6 nm Al / 0.1 nm Mo/ 0.4 nm Fe; 900 °C; 5 min H2; 0.4 bar CH4). (b) 
Several SWCNTs obtained with a slightly thicker catalyst layer ((Si/200 nm SiO2/ 10 nm Ti/ 50 nm 
Mo / 6 nm Al / 0.2 nm Mo/ 0.6 nm Fe; 900 °C; 5 min H2; 0.4 bar CH4). 
 
The on-resistance of in-situ contacted semiconducting SWCNTs on Ti/Mo electrodes 
was usually found to be between 10 MW and 100 MW. The contacts could be improved 
by later e-beam lithography with subsequent metal deposition by, for example, e-beam 
evaporation. After deposition of Ti the on-resistances were usually between 200 kW and 
1MW. A large number of the in-situ contacted semiconducting SWCNTs prepared in 
this way showed an ambipolar behavior in back-gated FET measurements on air. Field 
effect measurements of such devices are shown in Figure 5.11 and are discussed in 
Section 5.1.2. 
 
4.2 Contact Improvement by Electroless Deposition 
 
The in situ contacted SWCNTs still display high contact resistances due to oxidation 
of the alumina support and the electrodes. The contact resistances can be decreased by a 
second photolithographic step and a metal deposition on top of the nanotubes, as 
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mentioned above. However, a self-aligned process, which avoids a second lithography, 
would be more convenient. Electroless deposition has been developed by our group to 
achieve this. The main requirement for electroless deposition is an electrode structure 
that promotes the deposition of another metal on top. Electroless deposition has been 
initially studied by our group with the intention to improve the contact resistances of a 
large number of MWCNTs in parallel. The MWCNTs were simply sprayed onto Co, 
Pd, or Au/Fe electrode patterns before dipping the sample into the electroless deposition 
bath [149]. This method was extended in order to improve the contacts of SWCNTs 
grown on electrode structures. 
The metal multilayers were again deposited with a high precision ion beam 
deposition system on Si wafers with 200 nm thermal oxide and a resist mask. The resist 
was patterned by conventional photolithography. The multilayer system consists of an 
adhesion layer, the electrode metal, a 5 - 10 nm Al-separation layer, and the active 
catalyst layer on top. Ta had to be used as the adhesion layer since Ti layers inhibit 
electroless deposition. The reason for the difference between Ti and Ta is that Co forms 
an alloy with Ti more quickly than with Ta. The patterned electrodes were obtained 
after a lift-off process in acetone. The cobalt electrodes enabled the electroless 
deposition of Ni using an ammonia buffered solution containing hypophosphite and 
NiCl2 at a bath temperature of around 80 °C [149] according to the chemical reaction:  
++ ++®++ 2H POH Ni OH  POH  Ni -322
-
22
2  
Gate dependent electrical measurements at room temperature and in air were 
performed to verify that SWCNTs were obtained. In these measurements the highly 
doped Si substrate was used as a back gate. 
 CCVD synthesis of SWCNTs based on Fe or Fe/Mo catalysts, as described in 
Section 4.1, succeeded only at rather high temperatures (~900 °C). Thin layers of metals 
with rather low melting points (1000 – 1500 °C) will coalesce at those temperatures. To 
assure the integrity of the Co, Cu and Au electrodes, which were the investigated metals 
with the lowest melting points, it was essential to reduce the growth temperature below 
800 °C. This could be achieved by replacing the Fe/Mo catalyst bilayer by a thin Co 
layer. SWCNTs could, thus, be successfully grown on Co, Cu, and Au electrodes using 
again a thin Al separation layer. The optimal temperatures for Co mediated growth on 
electrodes were around 750 °C.  
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Figure 4.4: SEM images of several SWCNTs between Co electrodes and coated by electroless Ni 
deposition (Si/200 nm SiO2/20 nm Ta/50 nm Co/5nm Al/ 0.4 nm Co; 750 °C; 2 min H2; 0.4 bar CH4). 
 
The as-grown SWCNTs with in-situ contacts to Co electrodes showed quite poor 
contact resistances similar to the SWCNTs grown on Mo electrodes, presented in 
Section 4.1. This can be mainly attributed to the underlying Al layer, which will be 
oxidized after growth and acts as a huge tunnel barrier. In order to improve the contacts 
the samples were dipped into an electroless deposition bath after growth. Figure 4.4 
shows SWCNTs grown using a multilayer system (20 nm Ta/50 nm Co/ 5 nm 
Al/0.5 nm Co) at a temperature of 750 °C and electroless plated with 100-200 nm Ni. 
Before measuring the devices the Ni had to be soldered to the SWCNTs by annealing at 
400 °C in nitrogen. Without annealing the contacts were quite unreliable and the 
resistances were distributed over a large range. Annealing is believed to be important 
since the electroless deposition is performed in a liquid bath and Ni grows from the Co 
electrode structures and not directly on the nanotubes. The electroless Ni will, therefore, 
poorly wet the nanotube and the interface will be rather dirty. During annealing the 
wetting of the Ni will be improved and the interface will be cleared of volatile species 
(water), thereby reducing the contact resistance considerably. Figure 4.5a shows a gate 
dependent electrical transport measurement. The typical on-conductance of electroless 
plated SWCNTs is of the order of 1 - 30 µS, which is clearly better than the 
conductance of the as grown SWCNTs (0.01 – 0.5 µS). Thus, the on-resistances range 
between 35 kW and 1 MW. This large variation is mainly related to different band gaps 
of the nanotube and the resulting different Schottky barriers at the contacts. Metallic 
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SWCNTs and semiconducting SWCNTs with a small band gap are expected to show 
much smaller contact resistances. 
 
The encapsulation process works selectively on the electrodes and does not influence 
the intrinsic properties of the SWCNTs as evidenced by the conductivity modulation of 
more than five orders of magnitude. In order to evaluate the electroless Ni contacts a 
large number of devices were measured. After measuring the number of SWCNTs per 
device was then counted in the SEM. The results of those investigations showed that 
some devices have exceptionally good on-conductance of only about 10 – 20 µS (or an 
on-resistances between 50 kW and 100 kW) per individual SWCNT. Figure 4.5b shows 
some exemplarily Ids vs. Vg plots. For these devices only one SWCNT could be seen 
between the electrodes in the SEM.  
  
 
Figure 4.5: (a) Conductance of SWCNTs grown on Co electrodes as a function of the gate voltage 
before and after contact improvement by electroless Ni deposition with subsequent annealing in N2, at 
400 °C (Si/200 nm SiO2/20 nm Ta/50 nm Co/5nm Al/ 0.5 nm Co; 750 °C; 2 min H2; 0.4 bar CH4). (b) 
Some typical Ids/Vg plots of SWCNTs with contacts improved by electroless Ni deposition. On-resistances 
of 50 – 100 kW have been frequently observed.  
 
Despite the good contacts achieved by electroless Ni deposition, this metallization 
has the disadvantage that the contacts degrade by corrosion after some time. Therefore, 
other metals were investigated for electroless contact improvement. Electroless Au 
could also be deposited on Co-electrodes but yielded quite unreliable contacts. This 
might be related to the poor wetting properties of Au on CNTs (see Section 2.3.3). 
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Inspired by the reports on nearly ohmic contacts to SWCNTs using Pd, an electroless 
deposition for Pd was developed in order to improve the contacts of SWCNTs grown 
between Ta/Co electrodes (Figure 4.6). For electroless Pd deposition a 
tetraamminepalladium (II) chloride solution with ammonium formate (HCOONH4) as a 
reducing agent was used. The deposition was performed in thermostat at 50 °C. A 
subsequent annealing had to be performed at 400 °C in N2. The chemical reaction for 
the electroless Pd deposition is: 
-
322
--
243 Cl24NHOH  CO  Pd OH  HCOO  Cl)Pd(NH ++++®++  
 
 
 
 
 
 
 
 
 
 
Figure 4.6: SEM images of a SWCNT contacted by electroless Pd deposition (Si/200 nm SiO2/25 nm 
Ta/60 nm Co/5nm Al/ 0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4).  
 
 
 
 
 
 
 
 
Figure 4.7: Gate dependent measurements of several semiconducting SWCNTs contacted by 
electroless Pd deposition. The Si substrate was used as back gate with Vds = 1 V (on-resistances between 
200 kW and 1 MW; (Si/200nm SiO2/25 nm Ta/ 60 nm Co/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar 
CH4). The resolution limit for small currents was 15 pA. 
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After electroless Pd deposition the semiconducting SWCNTs showed on-resistances 
ranging between 200 kW and about 1 MW (Figure 4.7 ), whereas SGS SWCNTs and 
metallic SWCNTs had resistances of as low as 20 kW. These resistances are quite 
similar to those obtained after electroless Ni deposition or by e-beam evaporation of Pd 
onto SWCNTs [150]. A detailed discussion of the electronic properties of SWCNTs 
contacted by electroless Pd deposition will be the topic of Section 5.1.1. 
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5 SWCNT Field Effect Transistors 
 
The previous two chapters presented results on the growth and processing of 
nanotubes. This chapter will focus on the electronic properties of SWCNT based 
devices. Results for nanotube transistors with individual nanotubes and many nanotubes 
in parallel will be discussed. Further, transistors with a high-k dielectric have been 
fabricated and their electronic properties will be reported. Most of the nanotubes 
discussed in this chapter were grown with an ultra-thin Ni layer as catalyst since Ni 
allowed the lowest growth temperatures, as reported in Section 3.7. 
 
5.1 Electronic Properties of SWCNT Transistors 
 
5.1.1 Semiconducting, Small Band Gap, and Metallic SWCNTs 
 
The simultaneous synthesis of SWCNTs with different electronic properties is still 
the largest roadblock for the direct integration of SWCNTs into electronic devices. 
Semiconducting SWCNTs with a high on/off current ratio are necessary for transistors, 
whereas metallic nanotubes are required for interconnects. Further, when considering 
the behavior of metallic nanotubes it is important to distinguish between armchair 
SWCNTs, with truly metallic character and “metallic” SWCNTs with a small curvature-
induced band gap. Although some methods to separate metallic and semiconducting 
nanotubes have been suggested, they still lack in precision, have poor yield, and in some 
cases still require proof by electronic characterization of the separated material. 
The proportions of semiconducting, small band gap (SGS) semiconducting, and 
metallic SWCNTs obtained by CCVD are usually in close agreement with theoretical 
expectations [151]. Theoretically about 62 – 66 % are semiconducting, 26– 32 % are 
SGS semiconducting, and 2.8 – 12 % are truly metallic, depending on the prevailing 
diameter range. Growth at lower temperatures usually reduces the average diameter of 
the grown SWCNTs since the coalescence of catalyst particles is reduced [114, 117]. 
However, up to now it has not been possible to find a method to control the exact 
diameter and chirality of the SWCNTs.  
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Preferential breakdown of metallic nanotubes is still the only straightforward method 
to eliminate nanotubes that cannot be completely turned off at room temperature (see 
section 2.8.1). Preferential breakdown is achieved by depleting the semiconducting 
SWCNTs with an appropriate gate voltage before increasing the bias along the tubes 
until they burn through. Since as-grown semiconducting SWCNTs are usually p-type a 
positive gate voltage (Vg) has to be applied. The performance of high-current nanotube 
transistors, which are the topic of Section 5.3, still depends largely on the preferential 
electrical breakdown of the nanotubes that contribute to the metallic conduction. Those 
transistors are built from the parallel arrangement of a large number of randomly grown 
SWCNTs. To optimize the properties of these transistors the electronic breakdown of 
SWCNTs with various electronic properties has to be understood. In this section a study 
of the room temperature transport characteristics of SWCNTs with small diameters will 
be presented. 
All of the SWCNTs discussed here were grown by CCVD at a temperature of 700 °C 
with methane between lithographically defined electrodes structures with a 0.2 nm Ni 
top catalyst layer (Si/200nm SiO2/25 nm Ta/60 nm Co/5 nm Al/0.2 nm Ni; 700 °C; 5 
min H2; 0.4 bar CH4). The density of nanotubes was adjusted so that on average only 
one SWCNT bridges the electrodes. In this way bundle formation can typically be 
excluded. The contacts to the nanotubes were improved by electroless Pd deposition. 
 
 
 
Figure 5.1: AFM image of two SWCNTs grown at 700 °C with Ni catalyst (a) ((Si/200nm SiO2/25 nm 
Ta/60 nm Co/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4). The section along the black line of the 
AFM image (a) shows that the diameter of the longer SWCNT is only about 0.8 nm (b). 
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SWCNT with rather small diameters were observed after growth at 700 °C. Raman 
spectroscopy revealed that the diameters of nanotubes grown on quartz substrates under 
identical conditions are between 0.7 and 1.6 nm (SiO2 (quartz)/5 nm Al/0.3 nm Ni). 
AFM investigation of the measured transistors confirmed this diameter range, but also 
showed that all of the longer nanotubes (= 1 µm) have small diameters (< 1.1 nm, see 
Figure 5.1). Only a few SWCNTs with diameters between 1.1 nm and 1.6 nm were 
found using AFM, remarkably all of them were too short to bridge electrodes with a 
larger separation = 1 µm. Therefore, SWCNTs with a larger diameter (> 2 nm) can be 
excluded at this point. 
The structured growth of nanotubes coupled with electroless Pd deposition enabled 
the generation of a very large number of well-contacted SWCNTs without laborious e-
beam lithography. Several hundred nanotube devices were measured in order to 
determine their properties and extract the general trends. The majority of the measured 
SWCNTs showed at least a small gate dependence at room temperature, i.e. a current 
modulation of at least a factor of 3 while sweeping the gate voltage from –20 V to 
+20 V. In detail the nanotubes can be divided into three groups depending on the gate 
voltage dependence; 75 % to 80 % of the nanotubes showed pronounced semi-
conducting behavior with a current modulation of more than 5 orders of magnitude, 
whereas between 20 % and 25 % showed a modulation by a factor of 3 to 100 and less 
than about 2 % of the measured nanotubes showed considerably smaller gate 
dependencies of less than 30 %. These nanotubes are probably truly metallic SWCNTs 
with an armchair structure. Examples of the room temperature characteristics of the 
investigated small diameter SWCNTs will be discussed according to these three 
categories. Different proportions and diameters have to be expected for different growth 
conditions and a different catalyst. 
At first the metallic behavior will be briefly discussed. Figure 5.2a depicts the Ids vs. 
Vg dependence of two metallic SWCNTs grown between electrodes with a 400 nm 
separation. Figure 5.2b shows the corresponding breakdown curves measured with the 
simultaneous application of a positive gate voltage of +30 V. The positive gate voltage 
was applied in order to breakdown metallic SWCNTs before the p-type semiconducting 
SWCNTs, which might have been in parallel. Breakdown of the metallic SWCNTs 
occurred after saturation around 20 µA and at a bias between 2 V to 3 V. 
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Figure 5.2: Ids vs. Vg plots (a) of two different metallic SWCNTs with length of about 400 nm and the 
corresponding breakdown curves (b) (Si/200nm SiO2/25 nm Ta/60 nm Co/5 nm Al/0.2 nm Ni; 700 °C; 5 
min H2; 0.4 bar CH4). 
 
It is important to note that such metallic nanotubes were only found between 
electrodes with a rather small separation (400 – 500 nm) and were never observed 
between electrodes with larger separation (= 1 µm). Therefore, we propose that the 
chirality of a specific nanotube influences the length via the growth rate. If there is such 
a dependence of the growth rate on the chirality, then this effect will become more 
pronounced at lower temperatures. In addition, there might also be a dependence of the 
growth rate on the diameter. This would explain why AFM measurements indicate that 
all of the longer nanotubes have very small diameters. 
 
 
 
 
 
 
 
 
 
Figure 5.3: Ids vs. Vg plot of a small band gap semiconducting SWCNT. 
 
Figure 5.3 gives an example for the Ids vs. Vg dependence of a SWCNT belonging to 
the group made up of the 20 - 25 % of nanotubes that show a much larger modulation 
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than the metallic SWCNTs but cannot be fully turned-off at room temperature like the 
semiconducting SWCNTs. Their modulation ranges between 3 and about 100. These 
nanotubes are most probably small band gap semiconducting (SGS) SWCNTS, with a 
curvature induced band gap [19, 20, 151, 152], which is consistent with theoretical and 
experimental expectations.  
 
 
Figure 5.4: Ids vs. Vg plots (a) of a small band gap semiconducting SWCNTs at different bias providing 
some evidence of the small band gap (dip). The performance of SGS SWCNTs is changed in vacuum 
from p-type to n-type (b). This is a further indication of a partial semiconducting behavior. 
 
Figure 5.4a shows that the gate voltage dependence of the drain-source bias of these 
nanotubes has a pronounced dip around Vg = 0 V for low biases, indicative of a small 
band gap. This dip appears more or less pronounced, depending on the band gap and is 
sometimes completely blurred out due to large hysteresis, as in Figure 5.3 (see Section 
5.1.4). Theoretically, the small band gap should emerge more clearly in the Ids vs. Vg 
plots at small Vds and at lower temperatures. Further, the transition from predominantly 
p-type in air to n-type in vacuum shown in Figure 5.4b indicates that the transport 
characteristics depend on doping by adsorbed species that evaporate in vacuum. This is 
typical of SWCNTs with some semiconducting properties since the conduction in 
purely metallic tubes should not be affected by adsorbed species except, perhaps, to 
reduce the scattering length. 
Figure 5.5a shows the logarithmic Ids vs. Vg plots of the same device shown in Figure 
5.3 at different drain-source biases (Vds). It can be seen that the modulation increases 
slightly at smaller biases. Figure 5.5b shows the dependence of Ids on the bias for the 
application of a constant negative gate voltage of -20 V. Breakdown occurs after a long 
saturation phase. Figure 5.5c shows the conductance derived from the data shown in 
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Figure 5.5b. The conductance starts to decrease from the initial value of 45 µS with 
increasing bias until the nanotube fails by electrical breakdown. 
 
 
Figure 5.5: Ids vs. Vg plots (a) of a small band gap semiconducting SWCNT, the corresponding 
breakdown curve (b), and derived conductance plot (c). The SEM image in (d) shows the nanotube and 
the location of the breakdown. 
 
The high value of the conductivity compared to the semiconducting tubes shown 
later is probably a result of smaller contact resistances to the SGS nanotubes due to 
smaller Schottky barriers. The decrease of the conductance with increasing bias voltage 
is related to an increase of electron-phonon scattering and a corresponding self-heating 
[55]. Figure 5.5d shows an SEM image of the same SWCNT after breakdown. The 
location of the break can be easily identified as the point at which differences in the 
charging characteristics lead to a contrast variation. For most of the nanotubes 
breakdown occurred approximately half way between the contacts indicating that the 
breakdown is the result of bulk heating of the nanotube; the contacts act as heat sinks 
reducing the probability of breakdown in their vicinity. 
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Figure 5.6: Ids vs. Vg curve (Vds = 1V) of a 1.5 µm long and ~0.8 nm thick p-type SWCNTs (a), 
conductance vs. Vds curve of the nanotube in the on-state (Vg = -20 V) (b), and corresponding SEM 
images (c) and (d). The SEM image in (d) shows the location of the breakdown. 
 
The remaining 75 – 80 % of SWCNTs showed a much more pronounced 
semiconducting behavior than the SGS SWCNTs with an on/off current ratio of 
typically more than 5 orders of magnitude. Figure 5.6a shows the gate voltage 
dependence of the semiconducting SWCNT shown in Figure 5.6c together with the bias 
voltage dependence for a gate voltage Vg of –20 V in Figure 5.6b. This SWCNT shows 
a maximum conductance in the on-state of only 2 µS at low bias, although values of up 
to 6 µS have also been observed for other semiconducting SWCNTs. This is 
considerably lower than the maximum conductance of the metallic SWCNTs and the 
SGS SWCNTs with around 10 – 50 µS and the semiconducting SWCNTs with larger 
diameters as shown by Javey et al. [28]. This substantial difference can be attributed to 
large Schottky barriers, which result from the large band gap of small diameter 
(< 1.1 nm) nanotubes and to a considerable degree from back scattering of the carriers 
[153, 154]. Higher saturation currents can only be achieved for semiconducting 
SWCNTs with lengths below the estimated mean free path of around 100 - 300 nm or 
with larger tube diameters [28, 50].  
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The conductance of the SWCNT shown in Figure 5.6 was measured as a function of 
the drain-source bias in the on-state (Vg = -20 V). The conductance decreases 
monotonically until breakdown at Vds = 21 V (Figure 5.6b). Figure 5.6d presents a 
magnified SEM image of the location of the breakdown, which is surrounded by a 
round halo. 
 
 
Figure 5.7: Ids vs. Vg curve at different biases of a 1 µm long p-type semiconducting SWCNTs (a). G 
and conductance vs. bias curve of the nanotube in the on-state (Vg = -20 V). The strong shift towards a 
negative Vg is related to hysteresis. (b). An initial increase of the conductance can be observed at small 
biases. At larger biases the current will saturate and the conductance decreases again until electrical 
breakdown occurs.  
  
The gate voltage dependence curves for a different semiconducting SWCNT are 
shown in Figure 5.7a together with the dependence of the conductance on the bias in 
Figure 5.7b. A significant increase of the conductance at small biases can be observed. 
For this nanotube the initial conductivity increase is much more pronounced than for the 
other semiconducting SWCNT shown in Figure 5.6b. However, this initial conductance 
increase is characteristic of all of the measured semiconducting SWCNTs, in contrast to 
the SGS SWCNTs where the maximum conductance is always observed at minimum 
drain-source bias. This increase of the conductance is related to tunneling through the 
Schottky barriers, which depends exponentially on the bias. The maximum of the 
conductance appears usually at a bias of 0.5 to 1 V for nanotubes with lengths between 
0.4 and 2 µm. The exact length dependence could not be determined since it is strongly 
affected by the precise electronic structure (e.g. band gap and defects) of the individual 
nanotubes.  
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Breakdown of the semiconducting SWCNTs occurs at drain-source biases between 5 
and 25 V depending on the contact resistances, nanotube length, applied gate voltage, 
heat transfer to the contacts and its structural perfection. Since electrical transport in 
longer semiconducting SWCNTs is diffusive their breakdown will primarily depend on 
the electric field along the tube. The breakdown is connected to large heat dissipation, 
which is already a crucial issue in current ICs with a high integration density. Therefore, 
nanotube transistors should be operated in a range where the conductance is maximal 
and the bulk heating small. That means they should be operated in the bias range up to 
current saturation or they have to be sufficiently short to allow ballistic transport. 
 
 
 
Figure 5.8: Ids vs. Vg (a) and Ids vs. Vds plots (b) showing the semiconducting behavior and the electrical 
breakdown of a SWCNT (length ~ 4 µm; diameter ~ 0.7 nm). The Ids vs. Vds dependence was measured 
with Vg = +20 V meaning that the tube is turned-off at small biases. At high bias fields (> 15 V) the gate 
effect is suppressed and the tube is turned on. 
 
The semiconducting SWCNTs shown in Figure 5.6 and Figure 5.7 have been burned-
through in the on-state (Vg = -20V). In contrast, Figure 5.8 shows the breakdown of a 
4 µm long and approximately 0.7 nm diameter semiconducting SWCNT burned-through 
in the off-state at a gate voltage Vg = +20V. As the bias increases the influence of the 
gate is diminished and the conduction increases. Breakdown occurs at about 25 V and a 
maximum current of 5 µA, i.e. 200 nS similar to the nanotubes shown in Figure 5.6 and 
Figure 5.7. 
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Figure 5.9: Ids vs. Vds plot (a) showing the 
electrical breakdown of a single semiconducting 
SWCNT with Vg = -20V. Strong oscillations of the 
currents occur at current saturation. 
 
The previously discussed breakdown of SWCNTs has been recently used to estimate 
the proportion of metallic and semiconducting SWCNTs [150]. At first glance this 
method would seem to be a reliable way to count the number of metallic and SGS 
SWCNTs since they usually show smooth Ids vs. Vds curves with well-defined steps 
during breakdown. In contrast the semiconducting SWCNTs often exhibit strong 
variations of the current in the saturation regime independent of the applied gate 
voltage, as illustrated in Figure 5.9. The resulting multiple peaks might be misleading if 
their number is used to estimate the number of SWCNTs. The current oscillations are 
also detrimental to the smooth operation of SWCNT transistors at current saturation and 
high drain-source biases. 
 
Figure 5.10: Ids vs. Vg plots (a) showing the characteristics of a parallel arrangement of two SGS 
SWCNTs (sgs1 and sgs2) and at least one semiconducting SWCNT (sc). The curves in (a) show the total 
currents of the nanotubes in parallel in the initial state and after breakdown of each of the two SGS 
SWCNTs, whereas (b) shows the Ids vs. Vg of the individual contribution of the nanotubes obtained by 
subtracting the data after each breakdown. The inset in (b) shows the electrical breakdown of the two 
SGS SWCNTs. 
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An example of the effect of the SGS nanotubes on the characteristics of transistor 
consisting of several nanotubes in parallel is illustrated in Figure 5.10. In this case at 
least three SWCNTs were grown between the electrodes, a number that allows the 
individual contributions of each tube to be evaluated by breakdown at high bias. The top 
curve (sgs1+sgs2+sc) in Figure 5.10a shows the gate voltage dependence prior to 
breakdown and the lower curves (sgs2+sc and sc) following the elimination of two of 
the SWCNTs at a gate voltage of Vg = +20 V. The contribution of each tube to the 
conduction characteristics can, therefore, be obtained by evaluating the difference 
between the successive curves, as shown in Figure 5.10b. This shows that the two tubes 
that have been eliminated by electrical breakdown are small band gap SWCNTs (sgs1 
and sgs2 in Figure 5.10b) by comparison with the curves shown in Figure 5.3, Figure 
5.4a, and Figure 5.5a. The remaining nanotube is semiconducting (sc) by comparison 
with Figure 5.6, Figure 5.7, and Figure 5.8. 
The initial on and off-currents in Figure 5.10a are 30 µA and 7 µA, respectively, 
corresponding to current difference of 23 µA. Hence, if pure metallic SWCNTs were 
responsible for the off-current of 7 µA, then the on-current after elimination of those 
tubes would be 23 µA. However, since the nanotubes that are eliminated are small band 
gap SWCNTs, and not metallic tubes, the on-current of the remaining semiconducting 
nanotube is 7 µA, only about one quarter of the initial value.  
 
5.1.2 Ambipolar Behavior  
 
Many of the measured SWCNT FETs showed a more or less pronounced ambipolar 
behavior. In addition to the of small band gap semiconducting SWCNTs there exist two 
other explanations for ambipolar behavior, which become likely if the diameter range of 
the CNTs is less well defined than for the SWCNTs discussed in Section 5.1.1.  
· Large diameter semiconducting SWCNTs, with a small band gap [155], 
· Double-walled carbon nanotubes (DWCNT) with the outer tube p-type 
(adsorbed oxygen) and an un-doped inner tube, which might be n-type. 
The Ids vs. Vg curves in Figure 5.11 show two devices with pronounced ambipolar 
behavior. Those nanotubes were grown at 900 °C using a Fe catalyst layer. The 
nanotube in Figure 5.11a has only in-situ contacts to Ti-Mo electrodes, whereas the 
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contacts of the device in Figure 5.11b have been improved by e-beam lithography and 
subsequent Ti evaporation. 
 
 
Figure 5.11: Drain current vs. gate voltage curves of SWCNTs showing ambipolar behavior (Si/200nm 
SiO2/10nm Ti/50 nm Mo/5 nm Al/1 nm Fe; 900 °C; 5 min H2; 0.5 bar CH4). The plot (a) in shows the 
performance of a device having only in-situ contacts on Ti/Mo (Vds = 100 mV). The contact resistance of 
the SWCNT in (b) was improved by a Ti metallization on top (Vds = 100 mV). 
 
Both of the two explanations are likely for the shown nanotubes since the diameter of 
the catalyst is poorly defined and the growth temperature is rather high, promoting the 
coalescence of the catalyst. Therefore, particles with a wide range of diameters can form 
and the growth of SWCNTs with rather large diameters (> 2 nm) might happen. In 
addition, growth of DWCNTs is possible and has been reported for very similar growth 
conditions [156, 157]. However, it is difficult to verify whether a particular CNT 
between two contacts is a DWCNT. From AFM images this is not possible since 
DWCNT can also have diameters smaller than 2 nm. One either would have to perform 
micro-RAMAN spectroscopy or TEM on a specific tube between two contacts, which is 
quite challenging. Both plots show a rather low off-resistance, which means that the 
tube cannot be fully turned off. Such behavior is expected for both a SWCNT with a 
small band gap and a DWCNT in which p-type and n-type behaviors overlap. 
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5.1.3 Schottky Barrier CNTFETs 
 
CNTFETs can show Schottky barrier dominated operation as discussed in Section 
2.3.1. Such behavior will be pronounced in particular when the gate overlap the source 
and drain regions as it is usually the case with back gate devices having a gate along the 
entire length of the nanotube. Schottky barrier operation causes often an asymmetry in 
the Ids vs. Vds plots as it is shown in Figure 5.12. Here, the currents are about a factor of 
two larger towards a negative bias than for equal positive biases. The asymmetry is 
caused by slight differences of the Schottky barriers of the source and drain contacts, 
which can be a result of differences in the doping along the nanotube, differences of the 
local work function of the electrode metal near the contacts, or of interface states and 
impurities. Since the tunneling of carriers through a Schottky barrier depends 
exponentially on the barrier height, slight variation of the metal work function will 
already produce a measurable effect in the transport characteristics. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12: Asymmetry in the Ids vs. Vds plots at different gate voltages (Vg = -11 ?  -20V) indicating 
Schottky barriers at the source and drain contacts. The array at positive and negative bias was measured 
separately (starting at Vds = 0 V) to exclude hysteresis effects (Si/200nm SiO2/20 nm Ta/50 nm Co/5 nm 
Al/0.5 nm Co; 750 °C; 5 min H2; 0.4 bar CH4; contacts improved by electroless Ni deposition + 
annealing). 
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5.1.4 Hysteresis 
 
Usually CNTFETs show a very high hysteresis. The hysteresis has been attributed to 
avalanche injection into oxide traps [43] or to adsorbed water molecules [158]. It has 
been reported that annealing in a dry atmosphere or passivation of the nanotubes with a 
thick layer of PMMA (~ 1.7 µm) followed by an annealing (150 °C, 24h) considerably 
reduces hysteresis [158]. 
The majority of SWCNTs transistors studied in this work also exhibit very strong 
hysteresis. The hysteresis depends much on the cycling range of the gate voltage. This 
effect is illustrated in Figure 5.13, where the arrows indicate the sweep direction of the 
gate voltage. A sufficient modulation can only be achieved if the gate voltage range is 
larger than ± 2 V. High gate voltages are necessary to achieve the saturation current in 
the on-state since usually a rather thick gate oxide (200 nm) has been used. Such 
hysteresis will considerably deteriorate the performance of the devices at higher 
frequencies. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13: Development of the hysteresis with increasing cycling range of the gate voltage 
(Si/200nm SiO2/25 nm Ta/60 nm Co/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4; contacts 
improved by electroless Pd deposition + annealing). 
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5.2 CNTFETs with a High-k Material 
 
The capacitance of the gate is a critical issue for future much smaller high 
performance transistors. A high-k dielectric is, therefore, unavoidable since the 
thickness of a silicon oxide or an oxy-nitride gate dielectric cannot be reduced below a 
certain thickness without causing an intolerable increase of the gate leakage by direct 
tunneling. In addition, encapsulation of nanotubes is necessary in order to protect the 
dopants from desorption and to enable further integration. Therefore, it is necessary to 
evaluate different processes and high-k materials for the encapsulation of nanotubes. 
Recently, several groups have reported SWCNT transistors with high-k dielectrics 
deposited by ALD (see Section 2.4). ALD was unfortunately not available during this 
work and it was necessary to develop alternative processes. 
The CNTFETs described up to now use the p-type silicon substrate as a back gate 
and a rather thick thermal SiO2 (200 nm) as the gate dielectric. Therefore, rather high 
gate voltages are required to switch the transistors on and off. Further all transistors are 
operated simultaneously. In addition to reducing the gate voltage range the subthreshold 
swing S also has to be improved. The back-gated devices have usually an S not smaller 
than 1 V/decade, which largely depends on hysteresis and can be much larger. 
As the first step the range of dielectric materials and processes that can be used for 
encapsulation have to be investigated, since not every process will be suitable. All 
plasma and sputter processes involving reactive oxygen species will inevitably destroy 
the nanotubes. Here it has been found that several different processes can encapsulate 
SWCNTs. A SiO2 encapsulation could be achieved by either using a spin-on glass, 
which is transformed to SiO2 during annealing at 400 °C, or by SiO2 deposited at 400 
°C in a CVD reactor from the plasma-decomposition of tetra-ethyl-ortho-silicate 
(TEOS). Further, CNTs could be encapsulated with PMMA. Those materials are, 
however, not really suitable for a gate dielectric, since their dielectric constants are too 
small (< 4) and their deposition methods do not allow the deposition of extremely thin 
films (< 10 nm).  
Initially, the deposition of titanium oxide (TiO2) was investigated. A pseudo-ALD 
process allowed the deposition of TiO2. In this process TiCl2 vapor was carried by a N2 
gas flow through a nozzle and reacted on the substrate with water absorbed from the 
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atmosphere. The TiO2 layers were found to conduct after the deposition. Therefore, 
annealing in oxygen was necessary (> 200 °C). Unfortunately, the nanotubes were 
destroyed during annealing because of the high reactivity of Ti. 
The next candidate investigated for a gate dielectric was tantalum oxide (TaxOy) 
deposited from solutions by a dip coat process. The samples were shortly dipped into a 
tantalum ethoxide solution (4 mMol/l in isopropanol) and then allowed to hydrolyze in 
air according to the chemical reaction: 
OHHC 10  OTaO5H  )H2Ta(OC 52522552 +®+  
About 3 - 5 nm of TaxOy is deposited during each cycle of the dip-coating process. 
Since no high temperature anneal was performed it has to be assumed that instead of 
Ta2O5 a non-stoichiometric TaxOy is obtained. The deposition rate will depend on the 
concentration of the Ta-precursor in the solution, which has not been studied yet. After 
the TaxOy deposition, e-beam lithography was performed in order to define top gate 
electrodes. Next, e-beam evaporation of ~30 nm Al and lift-off was carried out to obtain 
the Al gate electrodes. The gate electrodes are usually about 600 nm wide and ~ 500 - 
700 nm away from the source and drain electrodes (length of the SWCNTs ~ 2 µm). 
 
 
Figure 5.14: SEM image showing a CNTFET with a 
TaxOy high-k dielectric. The tantalum oxide gate dielectric is 
~4 nm thick. The gate electrode has been deposited by e-
beam evaporation of Al (Si/200nm SiO2/25 nm Ta/60 nm 
Co/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4; 
contacts improved by electroless Pd deposition + annealing). 
 
This process in combination with Al gate electrodes was found to yield good top 
gates. Figure 5.15 shows a comparison of the SiO2 back gate with the TaxOy top gate 
operation of a CNTFET. Back gate measurements have been performed before and after 
the deposition of TaxOy. Usually the hysteresis is slightly changed and the on-currents 
are either slightly decreased or remain constant. The similar on-currents measured 
before and after deposition of the TaxOy using the SiO2 back gate indicate that the 
encapsulation process does not significantly degrade the performance of the nanotubes 
(Figure 5.15a). The measurements involving modulation of the TaxOy gates show a 
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quite different behavior. Much smaller gate voltages (< 2 V) are necessary to achieve a 
similar or even better modulation compared with the SiO2 back gates. Further, for the 
TaxOy gate measurements it has been investigated how an additional back gate improves 
the performance. If a negative back gate voltage is applied the Schottky barriers at the 
contacts are made more transparent for the tunneling of holes. This reduces the series 
resistances originating from the Schottky barriers and, therefore, decreases the on-
resistances (Figure 5.15b). These results are similar to the ones reported in [29]. Here a 
double gate structure has also been used, consisting of a thin SiO2 back gate along the 
entire length of the nanotube and a smaller gate segment on top of the nanotube in the 
middle between source and drain electrodes. Clear bulk switching could be observed for 
the current devices report by using the gate segment on top, while simultaneously 
opening the Schottky barriers at the source and drain contacts using the back gate. 
  
 
Figure 5.15: Comparison of top gate and back gate FET measurements of the same device. Before 
deposition of the TaxOy top gate the SiO2 back gate was used (a). After the TaxOy deposition and the 
deposition of the Al gate electrodes the SiO2 back gate was used again to show the effect of the TaxOy 
encapsulation (a). Further FET measurements using the TaxOy gate were performed with either a floating 
SiO2 gate or a SiO2 gate at Vg(SiO2) = - 20 V in order to make the Schottky barriers more transparent ((a) 
and (b)). The curves in (b) show the comparison of the TaxOy gate measurements with floating SiO2 gate 
or Vg(SiO2) = - 20V of the same device again but now with linear plotting of Ids. (Si/200nm SiO2/25 nm 
Ta/60 nm Co/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4; electroless Pd deposition) 
 
The same effect is also visible in Figure 5.16, where two different devices are shown 
and the subthreshold slope S has been approximated. S is roughly 150 – 170 
mV/decade. This is still quite far from the theoretical limit of 60 mV/decade but already 
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considerably better then S using the SiO2 gates (> 1 V/decade). The subthreshold slope 
might be limited by the rather low er of the TaxOy since no annealing treatment has been 
performed. A high temperature anneal (> 700 °C) would very likely increase er but 
unfortunately would also destroy the Pd contacts. 
Further, it has been found that the TaxOy layer is a good gate dielectric with very low 
leakage. The leakage was smaller than the limit of the lowest measurement range 
(~ 10 pA) of the used Keithley 4200 analyzer. Thus, the leakage could even be 
considerably smaller. The thin TaxOy layer can sustain gate voltages of up to 3 – 4 V 
before breakdown occurs. In a supplementary experiment gate electrodes made of Al 
were deposited directly onto the nanotubes in order to verify whether the TaxOy layer is 
necessary or an Al electrode with a thin layer of native aluminum oxide would suffice. 
Very irreproducible results with a high gate leakage were observed if Al was directly 
deposited onto the nanotubes indicating that the TaxOy layer is necessary.  
 
 
Figure 5.16: Ids vs. Vg plots using the TaxOy gates for two different CNTFETs (a) and (b) (Si/200nm 
SiO2/25 nm Ta/60 nm Co/5 nm Al/0.2 nm Ni; 700 °C; 5 min H2; 0.4 bar CH4; contacts improved by 
electroless Pd deposition + annealing). The SiO2 back gate is either floating or at a constant bias of 
Vg = - 20V. The subthreshold slope is approximately 150 – 170 mV/decade. 
 
Another interesting finding is that CNTFETs modulated with the TaxOy gate show a 
much smaller hysteresis, than by modulation with the back gate. The back gate 
dependent measurements still exhibit hysteresis after TaxOy deposition (Figure 5.15a). 
Therefore, the lower gate voltages necessary for TaxOy gate operation are probably 
insufficient to charge oxide states (compare with Figure 5.13). Another explanation is 
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that adsorbed species (e.g. water) are consumed during the TaxOy hydrolysis and cannot 
further deteriorate the transistor operation if the top gate is modulated. 
 
5.3 High Current SWCNT Transistors 
 
Until recently only CNTFETs consisting of just a few SWCNTs have been 
investigated. These transistors can only switch rather small currents and are limited by 
the maximum current per individual SWCNT to about 25 µA [28]. However, in ICs and 
for many other applications (power transistors, flexible electronics, or sensors) it will be 
necessary to drive different and much larger currents. The maximum current of a 
MOSFET is mainly defined by the width of the channel. A similar approach has to be 
used for nanotubes implying a parallel operation of a large number of SWCNTs. Such a 
parallel arrangement requires a process to grow or deposit SWCNTs uniformly on a 
substrate. This can be accomplished by CCVD, since CCVD allows the growth of very 
clean, amorphous carbon free SWCNTs, control over the density of active catalytic 
sites, and, as a result, control over the density of SWCNTs. The control of the SWCNT 
density will be very important in order to achieve transistors with uniform performance, 
for the reasons discussed below. Extensive studies of the CCVD growth have shown 
that this can be achieved by varying the catalyst material, catalyst layer thickness, and 
the growth parameters (see 3.7). 
The substrate for the SWCNT transistors was p-type silicon with a 50 nm thick 
atomic-layer-deposited (ALD) Al2O3 with a dielectric constant of about 10. Ni was 
chosen as the catalyst metal, since it has been shown that Ni catalyses the thermal CVD 
growth of SWCNTs at temperatures as low as 600 °C. Ni layers with a nominal 
thickness of less than 0.2 nm were deposited by a high precision ion-beam deposition 
system. The SWCNTs were grown in a pre-heated quartz tube furnace at 650 °C. After 
1 - 5 minutes of hydrogen pretreatment the growth was initiated by filling the furnace 
with pure methane to a pressure of 0.3 - 0.4 bar. The growth was stopped after 10 
minutes by evacuating the furnace and the samples were removed from the furnace after 
cooling-down to room temperature. 
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Figure 5.17: SEM image of a parallel SWCNT transistor (a) (Si/50nm Al2O3/0.2 nm Ni; 650 °C; 2 min 
H2; 0.4 bar CH4; contact metallization by Pd evaporation). The gap between the outer frame and the 
square defines the gate. The magnified SEM image (b) shows the gate region (230 nm gate length) of 
such a transistor. The randomly oriented SWCNTs become visible as dark stripes charging effects. 
 
Subsequently, the transistors, as depicted in Figure 5.17a, were defined by e-beam 
lithography whereby the gap between source and drain, which defines the gate length, 
was varied (Figure 5.17b). The smallest gate length was about 90 nm. The total gate 
width, which is equal to the circumference of the inner contact square, was always kept 
constant at 200 µm. The source and drain contacts were formed by depositing 30 – 40 
nm palladium by e-beam evaporation. The resulting field-effect-transistors were 
controlled using the Si substrate as a back-gate.  
Due to the simultaneous growth of a mixture of metallic, SGS, and semiconducting 
SWCNTs the initial on/off ratio of the parallel SWCNT-FET is only between 2 and 4. 
This correlates roughly with the statistically expected ratio of 1/3 metallic and SGS 
SWCNTs and 2/3 semiconducting tubes, if no particular chirality is preferred during the 
growth and all tubes conduct equally well. In order to increase the on/off ratio, the 
metallic and SGS SWCNTs can be selectively eliminated using the method proposed by 
Collins et al. [56]. Since the as-grown semiconducting SWCNTs show p-type 
characteristics in air, the nanotubes with metallic contribution can be burned if a 
positive gate voltage is used to switch the semiconducting SWCNTs off.  
A back-gate voltage of +20 V was applied while burning the SWCNTs with short 
(1 ms) bias pulses of increasing amplitude from 2 to 9 V. A gate voltage dependent 
transistor measurement was performed after every voltage pulse, as shown in Figure 
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5.18. The results after burn pulses of 2 and 3 volts have been omitted for clarity, since 
they do not differ considerably from the measurement prior to the application of the 
voltage pulses. It can be clearly seen that the on/off ratio increases with increasing 
pulse-amplitude. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.18: Logarithmic Id vs. Vg plot of a parallel SWCNT transistor measured after application of 
the burn pulses shown on the right hand side (Vds = 1 V). The curve labeled 0 V shows the behavior prior 
to burning. 
 
The presence of SGS SWCNTs, as discussed in Section 5.1.1, has strong 
implications for the operation of those transistors. The on-current prior to burn-through 
of the nominally metallic tubes is the sum of the on-currents of the semiconducting 
SWCNTs, the SGS SWCNTs and the very few genuinely metallic SWCNTs. Thus, the 
absolute difference between the on and off currents cannot be maintained after the SGS 
SWCNTS have been destroyed by electrical breakdown since the on-currents of 
individual SGS SWCNTs are usually much larger than those of semiconducting 
SWCNT. This is due to the lower Schottky barrier heights resulting from the smaller 
energy gaps of the SGS nanotubes. Thus, there is a trade-off between maximum on-
current and maximum on/off ratio. 
The results from devices with different gate lengths are presented in Figure 5.19. 
Figure 5.19a shows the decrease of the on-current with increasing pulse amplitude and 
Figure 5.19b gives the evaluated on/off ratio at an applied drain-source voltage Vds of 
1 V. For gate lengths between 90 and 230 nm a pulse-amplitude of at least 4 V is 
necessary to increase the on/off ratio. Nevertheless, Figure 5.19 demonstrates that on-
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currents of up to 1 mA at Vds = 1 V can be achieved with an on/off ratio of about 500 for 
a channel width of 200 µm. These results already show that simple parallel SWCNT 
devices are superior to organic FETs [159]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19: Development of the on-current (a) and 
the on/off ratio (b) with increasing burn pulses. During 
the burn pulse a gate voltage Vg of + 20V was applied to 
deplete the semiconducting SWCNTs and to 
preferentially eliminate the metallic SWCNTs. The Id 
vs. Vg measurements that yielded these results were 
performed with Vds = 1 V. 
 
By comparing the results for different gate lengths in Figure 5.19 it can be seen that 
devices with a shorter gate length show a much steeper decrease of the conductance 
with pulse-amplitude. This can be attributed to the power dissipated by the length 
dependent resistance R(l) of the nanotubes and the bias field between source and drain. 
The dissipated power (P = V 2/R(l)) favors the destruction of short tubes. At constant 
bias the electric field is enhanced in shorter tubes, leading to Zener-type tunneling, 
involving tunneling between non-crossing sub-bands of the tube [53]. This causes a 
higher current and, thereby, destruction of the SWCNTs. On the other hand, relatively 
short source to drain distances are desirable to achieve high conductance through the 
directly contacted SWCNTs and to obtain transistors that do not operate by percolation 
mechanisms [160]. If the source-drain distance becomes too large the conductance of 
the device will be dominated by the properties of the SWCNT network, such as 
tunneling and hopping between the SWCNTs, especially if the source-drain distance is 
larger than the length of the SWCNTs (~ 1 µm) [160]. 
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Figure 5.20: Dependence of the initial on and off-currents on the gate length (gap between source and 
drain metallization) before preferential electric breakdown of nanotubes with metallic conductance. The 
on-current was measured at Vg = - 20 V and the off-current at Vg = + 20V, (Vds = 1 V). 
 
The on-currents of the devices before the burn procedure decrease approximately 
linearly with increasing gate length (Figure 5.20). This length dependence is related to 
the reduced number of SWCNTs that are properly contacted at both sides as the source 
and drain electrodes are moved further apart. In addition, scattering processes within the 
SWCNTs will contribute to the length dependence [50, 57]. 
In addition to of the influence of the source-drain separation, the SWCNT density is 
crucial to the performance and the burn behavior. If the density of the SWCNTs is too 
high, bundles will inevitably form. It is much more difficult to burn a metallic or SGS 
SWCNTs in a bundle than to burn it if it is isolated, since SWCNTs within a bundle are 
shielded by the surrounding SWCNTs (Figure 5.21a). It is also likely that by burning a 
metallic or SGS SWCNT in a bundle the adjacent semiconducting SWCNTs are 
destroyed by local overheating. The best performance can be expected for growth with 
almost no bundle formation but with a large number of SWCNTs, as shown in Figure 
5.21b). The performance can also be significantly improved if the effective oxide 
thickness of the gate is reduced and changes to the design of the gate are made so that 
the semiconducting SWCNTs can be better turned off at lower gate voltages. 
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Figure 5.21: The density of the SWCNTs is critical for the performance of the parallel SWCNT 
transistors. Ideally, growth occurs without any bundle formation (a) (Si/50nm Al2O3/0.2 nm Ni; 650 °C; 
2 min H2; 0.4 bar CH4). Bundles (b) will complicate the selective burning of the metallic SWCNTs 
(Si/50nm Al2O3/0.3 nm Ni; 650 °C; 5 min H2; 0.4 bar CH4). 
 
Further, it has been demonstrated that these transistors can switch currents high 
enough to power light emitting diodes or electro-motors [101]. It has to be pointed out 
that further improvements of the performance of such parallel SWCNT transistors 
should result from a directed and more regular deposition of predominantly 
semiconducting SWCNTs, e.g. after separation in solution (2.8.2) or more selective 
CCVD growth conditions. 
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6 Summary and Conclusions 
 
A number of very important growth and integration aspects of carbon nanotubes 
have been investigated during the course of this thesis. The focus was mainly on single-
walled carbon nanotubes. Their potential for transistor applications was demonstrated 
by the successful fabrication of a variety of devices using rather simple processes. 
A detailed understanding of the dependence of SWCNT growth on a variety of 
parameters was obtained as the result of several thousand growth experiments. Various 
catalyst materials, gaseous carbon sources, and catalyst supports have been investigated. 
Special attention was paid to a considerable reduction of the growth temperature. The 
most important results concerning growth of SWCNTs, processes to build SWCNT 
transistors, and electronic characteristics of nanotube transistors are summarized below: 
 
Nanotube Growth: 
§ A simple phenomenological growth model could be derived for CCVD of 
SWCNTs taking into account a number of effects observed during the various 
growth experiments. The model presented is mainly based on the surface diffusion 
of carbon species along the sidewalls of the carbon nanotubes or on the catalyst 
support and is an addition to the vapor-liquid-solid (VLS) mechanism, which 
considers only the direct decomposition of a carbon source at the catalyst.  
§ Growth methods for the CCVD synthesis of SWCNTs were developed for 
temperatures as low as 600 °C. Temperatures around 900 °C were the status quo 
for SWCNT growth at the beginning of this work. Important for a high yield at 
low temperatures is the choice of the right catalyst, an appropriate catalyst 
support, and proper process parameters. A very thin nickel catalyst layer has been 
found to promote the thermal CCVD growth of SWCNTs in the lowest 
temperature range. By demonstrating SWCNT growth at 600 °C it could be shown 
that the minimum growth temperature ranges for the synthesis of SWCNTs and 
MWCNTs by thermal CCVD are the same. 
§ It has been found that the size of the catalyst particle alone determines whether a 
SWCNT, DWCNT, or MWCNT will nucleate from a specific particle under 
suitable growth conditions. 
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Growth of Nanotubes on Metallic Electrodes: 
§ It could be demonstrated for the first time that SWCNTs can be grown on a 
variety of conducting materials if the catalyst is separated from the electrode by a 
thin Al layer. In-situ contacted SWCNTs can be easily obtained that way, largely 
facilitating the electronic characterization of as-grown SWCNTs. 
 
Improvement of Contact Resistance:  
§ A tremendous improvement of the contacts of in-situ contacted SWCNTs could be 
achieved by electroless deposition. SWCNT growth on appropriate electrodes (e.g. 
Co) allowed the encapsulation of the nanotubes by electroless deposition of Ni and 
Pd, yielding good and reliable contacts. The total resistances of SWCNT devices 
could, thus, be decreased to values as low as 20 kW, considerably lower than those 
of in-situ contacted SWCNTs (MW range). The advantage of electroless 
deposition is that it is a self-aligned process, which eliminates the need for an 
additional lithographic step for contact improvement. 
 
Carbon Nanotube Transistors 
§ SWCNT transistors with high-k dielectric could be fabricated by encapsulation of 
the nanotube with a tantalum oxide layer. The tantalum oxide was deposited by a 
newly developed dip-coat process, which is very simple, works at room 
temperature, and does not damage the contacts or nanotubes. The final gates were 
obtained by the subsequent structured deposition of the gate electrodes. These 
transistors show much better performance than transistors using a thick silicon 
oxide as the gate dielectric. Further, the tantalum oxide encapsulation almost 
completely eliminated the hysteresis and the subthreshold slope was considerably 
improved to values around 160 mV/decade.  
§ High-current SWCNT transistors consisting of a large number of SWCNTs in 
parallel were demonstrated for the first time during this work. Those transistors 
allowed the modulation of milliampere currents with on/off ratios of up to 500. 
Thus, it was possible to demonstrate that macroscopic devices (e.g. LEDs and 
electro motors) can be switched on and off by nanotube based transistors. Hence, 
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SWCNTs might not only have a future in nanoelectronics but also in applications 
where larger currents have to be switched.  
§ Using these transistors, the properties of a large number of CCVD grown 
SWCNTs have been investigated by electronic transport measurement. Large 
differences in the electronic transport have been observed for metallic, small band 
gap semiconducting (SGS), and semiconducting SWCNTs with small diameters 
(= 1.1 nm). It has been found that the presence of the SGS SWCNTs limits the 
performance of the high-current transistors. This is because the on-currents of 
individual SGS SWCNTs are usually much larger than those of semiconducting 
SWCNTs and the SGS SWCNTs show considerable gate dependencies but cannot 
be fully turned off at room temperature.  
 
This work presents a considerable contribution to the fast growing research field of 
carbon nanotubes. However, two large challenges remain to be solved. First, methods 
for the separation of exclusively semiconducting SWCNTs or the growth of CNTs with 
predefined electronic properties still have to be developed. Second, the precise 
placement of CNTs, much more accurately than the present random SWCNT growth 
between large electrode structures, is inevitably necessary for large-scale integration. 
The next couple of years will show whether carbon nanotubes might replace silicon in 
logic devices or the metals in interconnects. Hopefully, they will not be haunted by the 
same fate as fullerenes and high-temperatures superconductors some years ago. 
6 Summary and Conclusions 
 
 
 
104
6.1 Zusammenfassung und Schlussfolgerungen 
 
Eine Reihe wichtiger Wachstums- und Integrationsaspekte von Kohlenstoff-
nanoröhren wurde im Rahmen dieser Arbeit untersucht. Der Schwerpunkt der 
experimentellen Arbeit lag dabei hauptsächlich bei einschaligen Kohlenstoffnanoröhren 
(SWCNT). Das große Potential dieser Nanoröhren für Transistor-Anwendungen wurde 
durch die Herstellung einer Vielzahl funktionierender Bauelemente aus diesen 
Kohlenstoffnanoröhren mittels relativ einfacher Herstellungsprozesse demonstriert. 
Ein fundiertes Verständnis für die Abhängigkeiten des Nanoröhrenwachstums von 
einer Vielzahl an Parametern wurde mit Hilfe mehrerer tausend Wachstumsexperimente 
gesammelt. Verschiedene Katalysatormetalle, Kohlenstoffquellen und 
Katalysatorunterlagen wurden detailliert untersucht. Ein Hauptaugenmerk wurde dabei 
auf eine Reduzierung der Wachstumstemperatur gerichtet. Die niedrige 
Wachstumstemperatur spielt eine große Rolle für eine möglichst hohe Kompatibilität 
mit konventionellen Herstellungsverfahren der Silizium-Halbleitertechnik. 
Die wichtigsten Ergebnisse in Bezug auf Wachstum, Prozesse zur Herstellung von 
Nanoröhrentransistoren und zur elektrischen Charakterisierung werden im Folgenden 
zusammengefasst: 
 
Wachstum von Kohlenstoffnanoröhren 
§ Ein einfaches phänomenologisches Wachstumsmodell wurde für die Synthese von 
Nanoröhren mittels katalytisch-chemischer Gasphasen-Abscheidung (CCVD) 
formuliert. Dieses Modell basiert hauptsächlich auf der Oberflächendiffusion von 
adsorbierten Kohlenstoffverbindungen entlang der Seitenwände der Nanoröhren 
sowie auf der Oberfläche der Katalysatorunterlage. Das Modell ist eine wichtige 
Ergänzung zu dem VLS-Mechanismus, welcher ausschließlich die direkte 
Zerlegung der Kohlenstoffquelle am Katalysator und Lösungs- sowie 
Ausscheidungsprozesse berücksichtigt. 
§ Ein Wachstumsverfahren zur Herstellung von Nanoröhren für niedrigere 
Temperaturen bis zu 600 °C wurde entwickelt. Zu Beginn dieser Arbeit waren 
noch Temperaturen um 900 °C Stand der Technik. Wichtig für eine hohe 
Ausbeute bei niedrigen Temperaturen ist die Wahl des richtigen Katalysators, 
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einer geeigneten Katalysatorunterlage und günstiger Prozessparameter. Es wurde 
herausgefunden, dass eine sehr dünne Nickelschicht das Wachstum im niedrigsten 
Temperaturbereich ermöglicht. Durch erfolgreiches Wachstum von einschaligen 
Kohlenstoffnanoröhren wurde bei nur 600 °C gezeigt, dass der minimale 
Temperaturbereich gleich dem für mehrschalige Kohlenstoffnanoröhren mit 
mehreren konzentrischen Kohlenstoffschalen (MWCNT) ist. 
§ Experimentell wurde nachgewiesen, dass der Durchmesser des 
Katalysatorteilchens fast ausschließlich bestimmt, wie viele Schalen eine 
wachsende Nanoröhre bei geeigneten Wachstumsbedingungen hat. Einschalige 
Kohlenstoffnanoröhren können nur durch ausreichend kleine Katalysatorteilchen 
wachsen. 
 
Wachstum von Nanoröhren auf Metallelektroden 
§ Es wurde zum ersten Mal gezeigt, dass einschalige Kohlenstoffnanoröhren auf 
Metallelektroden wachsen werden können, insofern eine dünne Aluminiumschicht 
als Trennschicht verwendet wird. Dadurch können in-situ kontaktierte Nanoröhren 
einfach hergestellt werden, was deren elektrische Charakterisierung weitaus 
erleichtert. 
 
Verbesserung des Kontaktwiderstandes 
§ Mittels stromloser Abscheidung von Nickel oder Palladium aus einer Lösung 
konnte eine deutliche Verbesserung der Kontaktwiderstände der in-situ-
kontaktierten Nanoröhren erreicht werden. Der minimale Gesamtwiderstand 
einschaliger Nanoröhren konnte dabei bis auf 20 kW reduziert werden, was klar 
unter dem Widerstand der nur in-situ-Kontaktierten liegt (MW – Bereich). Vorteil 
dieser stromlosen Abscheidung ist, dass dies ein selbstjustierender Prozess ist, der 
eine zusätzliche Lithographie für die Kontaktverbesserung vermeidet. 
 
Transistoren aus Kohlenstoffnanoröhren 
§ Durch Einbettung von Nanoröhren in eine Tantaloxidschicht konnten Transistoren 
mit einem Dielektrikum mit hoher relativer Dielektrizitätskonstante hergestellt 
werden. Die Tantaloxidschicht wurde mit einem neu entwickelten Tauchprozess 
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abgeschieden. Dieser Prozess wird bei Raumtemperatur durchgeführt und 
vermeidet eine Schädigung der Nanoröhren als auch der Kontakte. Nach 
anschließender Lithographie und Abscheidung eines Elektrodenmetalls auf dieser 
Tantaloxidschicht wurden Nanoröhrentransistoren hergestellt, welche deutlich 
verbesserte Charakteristika gegenüber Transistoren mit dickem Siliziumdioxid 
aufwiesen. Insbesondere weisen die Transistoren mit Tantaloxid kaum noch 
Hysterese auf. 
§ Erstmalig wurden Transistoren basierend auf Kohlenstoffnanoröhren hergestellt, 
die relativ hohe Ströme (Milliampere) mit einer Modulation bis zu einem Faktor 
500 schalten können. Diese Transistoren beruhen auf einer Parallelschaltung einer 
großen Anzahl an Nanoröhren. Es wurde mit diesen Transistoren erfolgreich 
demonstriert, dass makroskopische Elemente (Leuchtdioden und Elektromotoren) 
mit Nanoröhren ein- und ausgeschalten werden können. Damit ist eine Perspektive 
von Kohlenstoffnanoröhren auch in Anwendungen, in denen größere Ströme 
geschaltet werden müssen, denkbar. 
§ Mit Hilfe der hergestellten Transistoren konnten die Eigenschaften einer großen 
Zahl von Nanoröhren untersucht werden, wobei große Unterschiede in den 
elektronischen Eigenschaften von metallischen Nanoröhren, halbleitenden 
Nanoröhren und Nanoröhren mit einer kleinen Bandlücke beobachtet wurden. 
Hierfür wurden insbesondere Nanoröhren mit einem kleinen Durchmesser 
(< 1,1 nm) betrachtet. Speziell wurde festgestellt, dass die Nanoröhren mit einer 
kleinen Bandlücke die Eigenschaften der im vorangegangenen Punkt erwähnten 
Hochstromtransistoren limitiert. Dies ist eine Folge sowohl der relativ hohen 
Ströme im geöffneten Zustand als auch der hohen Leckströme im Sperrzustand bei 
Raumtemperatur von den Nanoröhren mit kleiner Bandlücke. 
 
Diese Arbeit stellt einen umfangreichen Beitrag zu dem schnell wachsenden 
Forschungsgebiet der Kohlenstoffnanoröhren dar. Dennoch müssen zwei große 
Herausforderungen gelöst werden, bevor Nanoröhren in elektronischen Schaltungen 
integriert werden können. Erstens, müssen Verfahren zur zuverlässigen Trennung von 
halbleitenden und metallischen Nanoröhren bzw. zum selektiven Wachstum einer dieser 
beiden Typen entwickelt werden. Zweitens, muss die präzise Anordnung und 
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Ausrichtung von Nanoröhren im Bereich weniger Nanometern beherrscht werden. Die 
kommenden Jahre werden zeigen, ob Kohlenstoffnanoröhren Silizium in integrierten 
Schaltkreisen bzw. Metalle in Leitbahnen ersetzen können und die theoretischen 
Vorteile voll nutzbar gemacht werden können. 
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Appendix 
 
Appendix A - Review of SWCNT Growth 
 
Overview of the large variety of CCVD processes for the growth of SWCNTs. The 
abbreviations evap. and calc. stand for evaporation and calcinations, respectively. 
Gases during 
SWCNT growth 
Catalyst support  
material 
pretreatment T [°C] Ref. 
CO Mo particles   1200 [161] 
CO  Co/Mo silica Heat-up in H2 700 - 
750 
[162, 163, 
164] 
CO (+ H2)  
(HiPco) 
Fe(CO)5 gas phase growth  900 – 
1200  
[165, 166 
167, 168] 
CO + H2 Fe/Mo nano-
particles 
SiO2 substrates calcination (700 °C 
in air) 
800 - 
900 
[169] 
CO + H2 Fe powder 
(floating cat.) 
substrate or gas 
phase growth 
in-situ Fe(CO)5 
formation 700°C 
900 [80] 
CO Co mesoporous silica heat-up in O2 700 - 
750 
[170] 
CH4 Fe/Mo alumina 
nanoparticles 
Heat up in Ar 1000 [75] 
CH4 Fe/Mo;  
Fe/Ru 
nanoporous 
alumina or 
alumina/silica 
calcination (500 °C 
on air), heat up in 
Ar 
900 [146] 
CH4 Fe/Mo alumina aerogel H2 30min 850 - 
1000 
[171] 
CH4 + H2 LaFeO3  calcinations 600 + 
800 °C 
1010 [172] 
CH4 + H2; 
CH4 + H2 + C2H4 
Ferritin 
nanoparticles 
SiO2 calcinations in air 900 [151, 173] 
CH4 + H2 + C2H4 Fe nanopart. 
(PAMAM 
dendrimers) 
SiO2 calcination (800 °C, 
air) 
900 [124] 
CH4 Fe; Fe/Mo  sputtered Al heat-up in Ar 900 [115] 
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(sputtered) 
CH4 + H2 1nm Ni 
(evap.) 
2–10nm Al (evap) heat-up in H2 800 [116] 
CH4 Fe/Mo; 
Fe/Co/Mo 
alumina calcination @ 
900 °C in air 
680 - 
850 
[113] 
CH4 Fe0.8/Mo0.2 alumina calc. @500 °C 680 - 
900 
[114] 
CH4 Fe(NO)3; 
Co(NO)3; 
Ni(NO)3 
MgO sol-gel 
bulk synthesis or 
spin coated on Si 
calcination (600 °C, 
air); 
heat-up in Ar 
800 - 
850 
[174, 175] 
CH4 uniform Fe/ 
Mo clusters 
SiO2 substrates 
(APTS modified) 
calcination (700 °C, 
air) 
900 [176] 
CH4 + Ar Fe/Ru; Fe/Pt SiO2 substrates calc. 600 °C air 900 [177] 
CH4 (remote plasma) Fe SiO2 substrates heat-up in Ar 600 [150] 
C2H4 Fe; Fe/Mo Al2O3  700 - 
850 
[178, 179] 
C2H4 Fe-, Co-, Ni-
particles 
Al2O3 or SiO2 
substrates 
 1080 [180] 
C2H4 Co MgO  1000 [181] 
C2H4 + Ar Fe/Mo sol. MgO calc. 700 °C air 800 – 
900 
[182] 
C2H2 + H2 + Ar 1nmFe/0.2nm 
Mo (evap.) 
10 nm Al 
(evaporated) 
heat-up in H2/Ar 800 – 
1000 
[183] 
C2H2 Fe floating catalyst  750 - 
1100 
[184] 
ferrocene/ thiophene/ 
benzene / H2 
ferrocene floating catalyst  1100 -
1200 
[185] 
ferrocene/ thiophene/ 
n-hexane / H2 
ferrocene floating catalyst  1150 [186] 
ethanol; 
methanol 
Fe/Co; Ni/Co 
acetate sol. 
zeolite; MgO heat-up in Ar 550 - 
800 
[117] 
Ethanol Co acetate 
sol. 
mesoporous silica calc.(400°C,He/O2); 
heat-up in Ar/H2 
750 [187] 
Ethanol+ Ar + H2 Co/Mo 
acetate sol. 
Si; 
quartz 
calc. (400 °C, air); 
heat-up in Ar/H2 
650 - 
850 
[104] 
Fullerene vapor + Ar Fe- and Co-
acetate 
zeolite fullerene evap. at 
725 °C 
825 [188] 
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Appendix B – Review of MWCNT Growth  
 
Overview of the variety of CCVD processes for the growth of DWCNTs and 
MWCNTs: 
catalyst support  
material 
pretreat-
ment 
gases during 
CNT growth 
T [°C] Comment Ref. 
Fe SiO2  C2H2 650 -800 MWCNTs [189] 
Fe nanoporous silica  C2H4 700 MWCNTs [136, 
190] 
Fe-nitrate Sol-gel mixture 
TEOS, ethanol 
calc. 450 °C, 
air; reduction 
500°C H2/N2 
9 % C2H2 + H2 600 up to 2 mm long 
MWCNTs 
[191] 
Fe 
nanopart. 
SiO2 substrates Ar/H2 C2H4; 
CH4 
800 - 
1000 
DWCNTs and 3-
WCNTs  
[156] 
Fe silica   C2H2 + H2 + NH3 650 -700 low pressure: 
MWCNTs 
[192] 
Fe; Ni 
(sputtered) 
Al (sputtered)  C2H4 750 MWCNTs [193] 
1 nm Fe/ 
0.2 nm Mo 
Al (sputtered) Ar/H2 C2H2 575 - 
900 
<700°C MWCNTs 
~725°C DWCNTs 
>725°C SWCNTs 
[194] 
1 nm Fe/ 
0.2 nm Mo 
Al (sputtered) Ar/H2 C2H2 + ferrocene 
+ Ar + H2 
550 - 
900 
> 3 mm long 
MWCNTs 
[195] 
Fe sol. alumina heat-up in Ar CH4 900 DWCNTs [157] 
Fe/Mo alumina  ethanol 900 DWCNTs [196] 
Fe/Mo alumina  benzene +Ar+ H2 900 DWCNTs [197] 
Fe/Mo MgO powder calc. 700 °C n-hexane + Ar 900 DWCNTs [198] 
ferrocene + 
sulfur 
floating catalyst Two stage 
furnace 
C2H2 + Ar  900 -
1150 
DWCNTs with 
sulfur powder 
[199, 
200] 
Fe/Ni alloy alumina calc. 500 °C benzene 650 MWCNTs [201] 
Co  SiO2 substrates Ar + H2 C2H2 + NH3 + Ar 750 MWCNTs [202] 
Ni Si  CH4 + H2 plasma 
enhanced 
700 CNF / 
MWCNTs 
[203] 
ferrocene floating catalyst  benzene 1150 MWCNTs [204] 
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Appendix C – Adsorption and Alignment of SWCNTs  
 
The deposition of SWCNTs from solution has been investigated in addition to the 
countless CCVD experiments. The challenges for the deposition from solution are very 
similar to the ones for CCVD growth since both the precise placement and the direction 
of the nanotubes have to be controlled. For microelectronic integration it is also 
necessary that the density of the deposited nanotubes is very high. However, with 
increasing density it will become more and more difficult to prevent the nanotubes from 
agglomerating and matting together.  
For the deposition from solution it is very important that the nanotubes are properly 
suspended. A review of the variety of solution methods for nanotubes is beyond the 
scope of this work. Only a few principal methods will be briefly summarized: 
- Functionalization of nanotubes (e.g. oxidation, fluorination) and subsequent 
solution in a solvent. This method has the disadvantage that the electronic 
properties might be severely deteriorated.  
- Solution with the help of surfactants (e.g. 1 wt % sodium dodecylsulfate (SDS) 
solution). Surfactants have a hydrophobic and a hydrophilic end and form a 
micellar structure in an aqueous solution. The micelles can wrap up nanotubes 
and make them more soluble. 
- Solution of nanotubes by wrapping them up with single-stranded DNAs. 
 
In the course of this work several organic solvents and surfactants have been 
investigated with different nanotube materials. Some promising results have been 
achieved by using arc discharge SWCNTs (Carbolex) in 1 % SDS. Before adsorption of 
nanotubes the oxide surface was made hydrophilic using 1,2-
aminopropyltriethoxysilane (APTES). Lines were written in a PMMA resist by e-beam 
lithography in order to achieve aligned deposition of SWCNTs. Figure C.1 shows a 
typical SEM image of SWCNTs aligned by PMMA resist lines on SiO2 after lift off in 
acetone. The line width was approximately 200 to 300 nm. The most critical step for the 
alignment is the lift off process since the nanotubes are also randomly adsorbed all over 
PMMA. Therefore, the PMMA surface had to be wiped with an isopropanol wipe to 
avoid the possibility that randomly adsorbed SWCNTs remain on the sample after lift 
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off (exact procedure: Si/200nm SiO2/140 nm PMMA; e-beam lithography for 200 – 300 
nm wide lines; 10 s buffered hydrofluoric acid dip (BHF 100:1) to clean the SiO2 
surface; soak sample in H2O for 12 h; APTES monolayer deposition; ½ h nanotube 
adsorption (Carbolex in 1% SDS); wipe surface with isopropanol; lift off in acetone). 
 
 
Figure C.1: SWCNTs adsorbed on 200 nm wide lines patterned by e-beam lithography and treated 
with APTES (Si/200 nm SiO2/140 nm PMMA; e-beam lithography; 10 s BHF dip (100:1); APTES; 
SWCNT adsorption; isopropanol wipe; lift off in acetone). 
 
Aligned adsorption of nanotubes on the SiO2 between the PMMA lines was 
achieved, as depicted Figure C.1. However, the density of adsorbed nanotubes is still 
unsatisfactory and it cannot be excluded that bundles of nanotubes have been adsorbed. 
Therefore, the suspension of individual SWCNTs and the adsorption process have to be 
considerably improved. 
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The following publications present results obtained in the framework of this thesis. 
Only the “first author” publications are listed from the total of more than 25 authored 
publications. 
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